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Abstract »
- d

% The feasibility of adapting & powder lubrication system for the lubrication of
the maln shaft bearings of an unfived J-69 gas turbine engine was established, in leu
of the oil lubrication sysiem used in the standard engine. Ball and roller bearings
have been successfully ubricated with powder-lubrication in & J-69 unfired gas tur-
bine engine. Ball beariuygs have been successfully operated for period: of 35 hours
with powdar lubricants. Thrust load tests to 500 pounds at 8000 rpm were conducted,
Testing with a 100 pound thrust load to 20, 002 rpm with heated (bleed air temperature)
carrier air was successfully performe< ca two different bearing designs. Both bear-
ings were deep groove, eplit inner riug dealign with a one plece outer ring guided
retainer made of silverplated AMS6415 steel; ore bearing had inner and outer vaces
and balls of M-50 vacuum welt tool steel; the other Nad the inner and ocuter races
and balls of 44CCM modifled corrosion resistant steel. Roller bearings have per-
formed successfully through a sreed range of 8,000 to 20, 000 rpm at stabilized
operating temperatures of 515° F, simulating estimated oparatir g conditions. The
bearing had inner ring guided rollers and an cuter ring guided r«tainer, Rings and
rollers were of M-50 vacuum melk tool steel and the retainar wis Monel S,

The mdricant used for ali the evaluations was a powder mixhre consisting of
five parts of micronized Acheson No. 8 graphite plus one part of labcratory-grade
cadmium oxide entrained in an air carrier. The optimum lubricant powder flow for
ball bearing operation under thrust loaded conditions is abcut 0. 015 grams per
mimte.

Redesign and retrofit of 8 J-69 gas turbine engine witl a powder lubrication
system was completed sco that engine could be tested urder fired conditions. |
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SECTION I
INTRODUCTION

Powder lubricaticn is defined as lubrication by a solid film that is contimuously
- being deposited cn 2 surface from a suspensior of solid particles in & carrier gas.
- The performance of this lubrication technicue is a function of botk the carrier gas
ard the lubricant. The impo-tant parameters* are as follows:

» Ratio of carrier gas to lobricant
e Velocity of the gas stream

e Mixture ratio of the lubricant
(Relative proportions by weight ol the powder components)

e Particle size

e Thermal stability

¢ Filming qualities of the lubricant

Prior research programs have also investigated the endurance capability of bear-
ings and gears lubricated with powder lubricants while operating at temperatures to
1200°F. These studier examined the following specific areas:

s Bearing and gear material

e Bearing and goar design

e Lubricants

e Method of Wubricant application

Tke evidence obtained from prior investigations shows that the powdsr lubrication
technique is capabie of lubricating bearings and gears at high temperatures and is
feasible for lubricating & turbine engine. The major problem areas that have been
investigated under tais program are as follows:

- e Lubricant efficiency

o Heat rejection requirements

e Bearing design

¢ Growth and distortion dve to thermal gradients

¥These parameters have been investigated in previcus programs
(Reference 1 and 2.)
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- its ab*’ iy to provide a lubricating film at temperatures ranging from ambient room

Powder lubrication distribution system

a. lubricent supply
b. Lubricant exhaust
c. Seals

¢ Materials

Tke lubricant selected for use in this program is a mixiure of five parts by weight
of gruphite to une part of cadmium oxide. . This libricani was selected on the basis of

temperature to temperatures above 860° F. The powder lubricant can be used below
room temperature, providing that at temperatures below 32° Fahrenheit both the
powder and carrier air are absolutely dry and free of water moisture. Otherwise,
the powder would tend to cake and solidify. A more detailed discussion of lubricant

selection is presented in section 5. Background information, which includes the

anslysis of adaption of the J-69 Turbine engine for powder lubrication, is presented
in reference 3.

The complexity of the turbine engine required that preliminary testing be

~accomplished on a separate bearing test rig prior to testing the powder lubricated

in an actaal J-69 engine, This test rig was designed to measure the
powder lubricaat efficiency as compared to the efficiency of the existing engine
Inbrication system. This information enabled the engine bearing temperatures to
be predicted when being lubricated with powder lubricant. The results of these tests
as well as the engine thermal analysis is presented in reference 4,

The next phase of the program was to install 2 powder lubrication system in
a J-69 engine ard test the engine at moderate speeds, loads and temperatures to
optimize the bearing design and powder lubricant supply and exhaust systems. Thie
phase cf testing has been previously reported in reference 4.

This report deals primarily with operation of powider lubricated bearings in an
unfired J-69 engine at conditions of speed, !oad, and temperature simulating those
expected in an actual fired engine. The report discusses work performed from June
1966 to June 1967 with respect to the foliowing:

®  Unfired J-69 engine testing at simulated fired engine conditions of speed,
load and temperature.

o Finalized design of powder lubrication system for use with a fired J-69
engine,

o Mocdification of fired J-69 engine for use with powder lubrication.

¢ mrers - T R T T P e e
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SECTION II
SUMMARY

The third year of tkis program was primarily devoted to the testing of an unfired,
powder lubricated J-69 engine at speeds up to 20, 000 RPM ai bearing temperatures
and loads which simulated those expecied in a fired engine,

Earlier engine testing (Reference 4) was concerned with selection of bearing
materials and development of bearing design for use in the engine. Bearing materials
were selected primarily on the basis »f estimated operaiing temperatures, in con-
junction with good lubricant filming characteristics, Low speed testing was success-
fully performed during the earlier report Period at 8,000 and 12,000 RPM with the
engine rear (roller) hearing heated to 540 F, :

Testing during this phase of the program was concerned primarily with opecation
of the unfired engine at 20, 300 RPM with the rear bearing operating at a temperature
of 540° F, and with 50 to 100 pounds thrust loading oa the front bearing, A roller
bearing was successfully operated under design conditions and ball bearings of
two different designs were successfully operated under design conditions of speed aad

load.

A complete design review of the conventionally lubricated J-62 engine was under-
taken, and a powder !ubrication manifolding and seal system was designed to be in-
corporated into the engine with a minimum number cf changes to the existing engine

compo.ients.

A second J-69 engine wae disassembled, modified with the incorporation of a
powder lubrication system, and reezssembled for final testing of Wright-Peiterson Air

Force Base, Dayton, Ohio.

3/4
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SECTION 11
DISCUSSION
GENERAL

USAF Gontract Nc. AF33(615)-1331 has as its objective the design and fabrica~
tion of a lubrication system for a J-69 turbojet engine utilizing powder lubrication in
lieu of conventional oil lubrication of the engine rotor shaft imain bearings. Originally
the Pratt and Whitney J-57 gas turbine engine was considered for this program, but
as this engine was very large and complex; it was mutual’y agreed that a smaller,
simpler engine would be selected. Three candidate engies were evaluited; the J-69
engine manufactured by Coniinental Ayiation and Engineering Corporation; the T-53
engine manufactured by the Lycomlngygviaion of AVC D Corporation, and the T-63
engine mamfactured by the Allison Division of the General Motors Corporation. Of
the three engines the J~69 was selected for the program as both dvawirgs aud engiaes
were available. The T-53 and T-63 were both eliminated because of Lhe reducticn
gear boxes which contained planetary gear sets, and were newer engines and not ccn-
sidered as reliable as the J-62.

However, before a powder lubrication system could be incorporated into an op-
erating engine, studies and testing were needed, both of system components (lubri-
cant distribution system and powder lubricated bearing design) and of the entire
engine lubricating system. The scope of this system covers ike entire engine, less
i accessory gear train and gearbox, and is divided into the fol’ owing study areas:

®  Seals and main engine bearings

® Powder disaemination

° Manifold and plumbing
e Engine hardware
) Engine test program
TEST ENGINE DESIGN AND PRINCIPAL PERFORMANCE CRITERIA -

The turbojet engine vsed as the test engine for this program is a USAF Model
J69-T-25 manufactured by the Continental Aviation and Engineering Corporation
(Figure 1). It has a normsl rated thrust of 880 pounds with a minimum thrust of 1025
pounds for takeoff. Engine performance ratings are listed in Table 1. The engine
has a maxiraum diameter of 22,3 inches, & length of approximately 5¢ inches (not
including tail pipe extension) and & dry weight of 364 pounds. ' The engine is of the

typical turbojet type, with the exception of the centrifugal fuel disiributcy, which is
buiit into the main rotor shaft,

The air enters through a three-strut-supported intake housing and is compressed
by a centrifugal impeller into an annular combustion chamber. Combustion products
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Figure 1, Test Engine !

|

TABLE 1.

ENGINE PERFORMANCE

: !

|

*Engine Speed *Minimum :

B Performance Thrust

, Ratings RPM Percent (Lb) {

i

. |

Maximum 21730 190 1025 g

Military 21730 100 1025 ;

Normal 20700 95 880 !

: 90% Normal 20000 92 795 -
. 75% Normal 19000 88 660 ;

Idle 7820-8260 36-38 70. Max,
*Standard day conditions of 29. 2 in Hg and 59° F
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and secondary air are directed by a stator assembly into a single-spool, fir-tree
footed turbire wheel. The tail cone is abbreviated and is usually designed to suit
particular airframe assemblies,

This program deals with the lubrication of the main roter shaft and its bearings.
The complete shaft assembiy conegists of the compressor, fuel distributor, thin
walled spacer, turbine wheel, and outboard stub shaft and i8 supported by two
identical-bore (35 mm) bearings. The front main bearing is a deep-race ball bearing
and takes up thrust while the aft bearing is a cylindrical roller bearing that permits
a limited axial growth of the shaft due to operating thermal conditions.

The primary purpose of this program was to demonstrate the feasibility of using
powder lubriceted bearings in an application such as a turbojet rotor shatt, The
reason for using & powder lubricaut is to provide the adequate lubricant performance
in a component (bearing or gear) normally operating in a high-temperature environ-
ment. In a moderate-temperature environment, such as the J-69 rotor bearings, the
substitution of powder for the normal oil lubrication system actually causes an in-
crease in bearing operating temperature, as the cooling properties of powder lubri-
cant and powder carrier air are very small compared withk those of oil lubricants.

At the J-69 rear bearings, actnal operating temperature with oil lubrication is about
330° F, while the calculated temperature nsing powder lubrication is 530° F. This
temperature difference should only affect the areas immediately adjacent to the rear
bearing and the change from oil to powder lubrication was not expected to have any
effect on engine performance other than that concerned with bearing operation,

" The primary task of this program was to evaluate the use of powder lubricants
on the bearings and seals at engine operating conditions using engine bleed air as
the carrier gas. Typical test requirements are listed in table II.
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TABLE .1

TEST REQUIREMENTS

ST ROHREAR N IR DN

Item '_ Lirait Remarks
Allowable Speed Fluctuation
8040 RPM (37 PCT) +£0 RPM (0. 23 PCT)
21730 RPM (100 ICT) #2656 RPM (0.12 PCT)
Vibraticn (st front and rear) 1.5 mils Maximum Above 16, 000 RPM
3.5 mils Maximum Below 16, 000 RPM
5.0 mils Transient Peak hetween 10, 000
‘ and 16, 000 RPM
POWER EXTRACTION
Accessory Torgue, Lb-In, HP Speed, RPM
Starter-Generator 100 12.4 7,823
Ofl-Pump 13 1.0 4,694
Tachometer 7. 0.5 4,224
Fue! Control 9 0.5 3, 663
" Fuel Pump 69 4.0 3, 662
Hydraulic Pump* 175 10.2 3,663
Main Turbine Shaft 28,6 21,730
*QOptiontl for this test setup,

STARTER - Minimum Speed and Torque

Condition - Torque Lb-Ft 60°F Starter Drive Engine Rotor
RPM IPM
Firing 12 432 1200
Cut~out 6 1£00 5000
8
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SECTION IV

TEST BEARINGS

GENERAL

One roller bearing and one ball bearing are used to supp~rt the engine main rotor
assembly. Both bearings are of the basic 207 size (light series, 35-mm hore) with
modificaticns for the high rotational speeds encuuntered in this application, General
characteristics of the bearings used both in bearing rig and in engine testing are
described in the following paragraphs. Inner and outer race curvature
of all the ball bearings are as follows:

disc radius = 52 percent of ball diameter, or
disc diameter = 104 percent of ball diameter,

Detail modifications are listed in the test summary tables.
BALL BEARING SERIES B-1 (Actual Engine Bearing)

The engine front main bearing is a ball bearing of split-inner-ring, deep-groove
construction to accommodate kigh thrust loads, as shown in figure 2,

The production bearing, as supplied with the engine, has 12 balls of 7/16-inch
diameter. Balls and rings are of 52100 bearing steel. The one-piece retainer is
silver plated, forgec silicon-iron bronze (AMS4616) and is of outer-ring guided
design.

BALL BEARING SERIES B-2

Bearing B-2, shown in fignre 3, 18 similar to B-1, but with rings and balls of
M-50 vacuum-m-=lt tool steel. The one-piece inner-ring guided retainer is silver-
plated AMS 6415 steel.

BALL BEARING SERIES B-3

Bearing B-3 is basically the same as B-1, with the exception that the balls and
rings are of M-50 vecuum-melt tool steel.
BALL BEARING SERIES B-4

Bearing B4, shown in figure 4, is of deep groove, split inner ring design with
a special X-shaped retainer. Rings and the 12 balls (7/16-inch dlameter) are of
M-50 vacuum-meit tool eteel. The retainer, which was designed for good lubricant
flow-through characteristics, is of Mcnel S, .

BALL BEARING SERIES B-5 -
Beuring B-5, a8 shown in figure 5 18 of deep-groove split-inner ring design with

bally and rings of 440 CM modified stainless steel. The one-piece cuter ring guided

retainer is of silver plated AMS-6415 steel.
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_—— BALL BEARING B4, BASIC SIZE 207,

/ SPLIT INNER RING, RETAINER ONE
A>emd PIECE MACHINED X SHAPE CROSS

SECTICN, S MONFL, 12 BALLS 7/18
INCH DIAMETER, BALLS AND RINGS .
= M 50 TOOL STEEL, END PLAY .008-.012
INCH, RADIAL CLEARANCE .0025 INCH
CONTACT ANGLE 20 DEGREES NOM

Figure 4, 7T'est Bearing B-4
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BEARING B-5, BASIC SIZE 207, SPLIT INNER RING

RETAINER - AMS 6415 STEEL, SILVER-PLATED,
OUTER RING LAND RIDING

BALLS AND RINGS, 440 CM MOLYBDENUM
STAINLESS STEEL CEVM

12 BALLS, 7/16 LIA, ABEC 7

END PLAY 0.012 MAX AT 11-LB LOAD

RADIAL PLAY, 0.0018 TC 0.0024 AT 11-LB
LOAD

. , CONTACT ANGLE, 20° (REF)
4 ¢

4/
7

@

1. 800 DIA REF

»

. 015 -. 020 DIA CLEARANCE

Figure 5. Test Bearing B-5
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ROLLER BEARING SERIES R-1 (Actual Engine Bearing)

: The conventional.engine rear main bearing is a cylindrical roller bearing with
a straignt-through inuer ring and two-lp outer ring for roller guidance. Twelve
_rollers, 11/32-inch diameter by 11/32-inch long, are used. Rollers and rings are
52100 bearing steel, and the retainer is silver-plated extruded brass and is of two-
piece riveted design. The retainer is roller guided, as shown in figure 6. b

ROLLER BEARING SERIES R-2

Bearing R-2, shown in figvure 7, has a straight-through outer ring and two-lip
inner ring for guidance of the 12 rollers, which are 11/32-inch diameter and 11/32-
inch long, Rings and rollers are 52100 bearing steel. The retainer is of two-piece i
separable design, riveted and roller guiG.d, and is made of silver-plated brass.

To improve lubricant flow through the bearing, and to prevent caking of powder :
in the inner race, eight grooves were machiued in the inner-ring lip on the lubricant i
exhaust side of the bearing, as showa in figure 7. i

ROLLER BEARING SERIES R-3

Bearing R-3, shown in figure 8, has a straight-through outer ring, a two-lip
inner ring for roller guidance, and 14 rollers, each 10-mm diameter by 10-mm long.
Inner and outer rings and the 14 rollers are 4400 stainlens steel. The retainer, of

one-piece, roller guided design, is made of silver plated, centrifugally—cast bronze.

The retainer has two lugs for each roller, which are bent over the rollers for the :
purpose of facilitating bearing assembly. These lugs were bent away from contact i
with the rollers for most of the R-3 testing. This was done to prevent the lugs from E
rubbing the rollers and wiping off the lubricant film. )

ROLLER BEARING R-4 ’i

Bearing R-4 is similar to the series R-3 bearings, with the exception of having a
retainer of forged iron-silicon bronze, silver plated.

ROLLER BEARING SERIES R-5

Theze boarings were available but testing of this design was not considered
neccssary because of the success obtained with the other roller-bearing designs.
Bearing R-5 bas a straight-through outer ring and a two-lip inner ring for guidance
of the twelvc rollers, which are 11/32-inch diameter and 11/32-inch long. Rings
and rollers ure M-50 vi.cuum melt tool steel. The retainer is a one piece cage,
outer ring guided of S-Honel.

ROLLER BEARING SERIES R-6 B

Bearing R-6 is similar to R-J, bat has 14 rollers, 9-mm diameter and 8-mm
long, and an outer-ring guided retainer. Rings and rollers are of AISI M-50 tool
3teel, and the retaiver is S5-Monel. This bearing is shown in figure 9,

ROLIER BEARING SERIES R-7

' Bearing R-7 has 14 rollers, each 9~-mm long and 9-mm m diameter, and a one-
piece retainar of centrifugally cast bronze, silver-plated. O'herwloo the hearing
is the saame aa the R-' deaign,

14
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ROLLER BEARING R-2 BAS:C SIZE 207

TWO LIP INNER RING, NO LIP OUTER RING

RETAINER 2 PIECE MACHINED, RIVETED,

ROLLER CENTERED, BRASS SILVER PLATED,

RINGS & ROLLERS 52100 STEEL., 12 ROLLERS
- ~ 11/32 DIA, X 11/32 LONG,

DIAMETRAL CLEARANCE ., 001

ROLLER BEARING R-2 BASIC SIZE 207

TWOQO LIP INNER RING, NO LIP OUTER RING
RETAINER 2z PIECE MACHINED, RIVETED,
ROLLER CENTERED, BRASS SILVER PLATED,
RINGS & ROLLERS 52100 STEEL,

12 ROLLERS 11/32 DIA, X 11/32 LONG,
DIAMETRAL CLEARANCE , 001 MCDIFIED AS
SHOWN, ' "

il
3
;.
L

12 SLOTS ]
Figure 7, Test Bearing R-2 and R-2 Modified
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" ROLLER BEARING R-3, BASIC SIZE 207, TWO-LIP INNER .
NO-LIP OUTER RING, RETAINER ONE-PIECE MACHINED, ROLLER
GUIDED, CENTRIFUGALLY CAST BRONZE SILVER PLAT ED, RINGS
AND ROLLERS ' 440 STAINLESS STEEL 14 ROLLERS 9 mm DIA, x
9 mm LONG, TOLERANCE GRADE RBEC-5 GRADE

R S st A

Figure 8, Test Bearing R-3
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SECTION V

LUBRICANT SELECTION

Results obtained from previoas development and test programs indicate that two
distinet powdered lubricant mixtures are suitable for use at high temperatures. (See
Reference 1 and 2,) One is a mixture of 83,33 percent graphite and 16. 67 percent
cadmium oxide (by weight) which is effective to 1000°F., The other is a mixture of
76 percent molybdenum disulfide (MoSg) with 24 percent metal-free phthalocyanine.
(by weight) which retains its lubricating quaities up to 1200° F, but requires an
inert atmosphere above 800° F to prevent oxidation of the MoSg.

The powder lubrication system requires a method of delivering the powder to thé
point of lubrication, In order to keep the weight and complexity of the powder lubri-
cation system to a minimum it was decided to utilize engine bleed air as the lubricant
carrier. '

¥

The maximum temperatures that could be encountered by the lubricant were '
calculzated to be in the range of 600-800° F, This represents the combination of hieed
air temperature and the operating temperature of the bearings. In order to have the
lubricant survive and function in this environment it was necessary to select a2 com-
bination of powders that would successfully withstand the temperatures without any
degradation of Jubrication characteristics. For these reasons a mixture of graphite
and cadmium oxide was selected.

19/20
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SECTION VI

ENGINE TEST FACILITIES -

GENERAL

The engine test stand shown in figure 10 is designed to provide qualitative and
quantitative data with a minimum amount of complexity. The test stand provides
means of simulating bearing loads and temperatures in the unfired engine used for
testing.

In figure 10, which is a photograph of the engine on the test stand, the modified
unfired J~69 engine is in the left center, with the engine exhaust (roller bearing end)
at the left. The lubricator is mounted over the intake (ball bearing end) of the
engine, in the top center of the photograph. The high-speed shaft with torquemeter
and slip-ring assembly is visible to the right of the intake piping (covered with taped
insulation), and to the right of this is the gearbox with a 5, 619:1 ratio, In the lower
right is the oven, which is used to heat air to the lubricator and ejectors, simulating
engine bleed air temperatures. Air enters through the uninsulated piping at the
right and leaves through the insulated pipes from the bottom of the oven.

ENGINE A

The engine, as tested, is a basic J-69 gas turbine manufactured by the Continen-
tal Aviation and Engineering Corporation.and modified by Stratos for use with graphite~
cadmium oxide powder lubricant, For this series of unfired engine tests, the acces-
sory gearbox has been removed and the combustor housing secticn of the turbine has
been remcved to enable testing with & minimum power requirement, To reduce
windage losses while simulating actual weight distribution, the turbine v .2el was
replaced by a dummy wheel of equal weight and inertia. A steel cylinder was added
to the rotor shaft to simulate the inertia of the removed compressor section. The
modified rotor shaft is shown in figure 11, with thermocouple wires from the
bearing inner faces to the slip-ring assembly visible on the right. The rotor assem-
bly is balanced to within 0, 04 ounce-inches in front and rear bearing planes.

Original lubricant passages and associated parts (slingers, seals) have been
re-worked or completely redesigned for use of air-puwder suspension lubricant
flow. A cross-section of the modified engine rotor and bearing housing is shown in
figure 12. Provisiun was made for heaters to be installed at the bearing housings to
simuiate thermal conditions in a fired engine, A pneumatic piston was also incor-
porated at the rear bearing housing to apply thrust load to the rotor shaft, simulating
the thrust load encountered in the actual engine. The thrust pisten and heater for the
rear bearing are shown in figure 13.

POWDER LUBRICATiON AND PLUMBING

The lubricator used for metering and dispensing the lubricant is described in
Section VII,

21
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HBefore each test run, powder is weighed in a plastic bag and then poured into the
lubricator resetvoir. At the end of the run, the remaining powder is poured back into
the plastic bag and reweighed to determine the amount of powder used during the run.

In early engine testing a plenum chamber was installed after the lubricator to

* divide lubricant flow to each bearing. Later testing was made without the plenum
chamber but with separate lubricator feed wheels for each bearing lubricant supply v
a8 shown in figure 14.

Provision is made for heating the air to the lubricator and each ejector to
simulate engine bleed air terperatures by putting the air lines from each flowmeter :
into a variable temperature oven,

DRIVE MOTOR

|

i
For Ligh speed testing to 20,000 rpm, and for testing with a thrust load on the i
front bearing, a 15-hp, ac motor, with variable speed gearbox, was installed to ;
drive the J-69 engire with the use of a belt drive system. This motor and the belt ;
drive system are shown in figures 15 and 16. .

TEST RIG GEARBOX 4

The test rig gearbox is used to increase drive motor speed from 4500 rpm to -
24,000 rpm. The gearbox is an auxiliary power turbine gearbox modified by the 1
removal of the turbine wheel and plugging pad openings. Lubrication for the gearbox 7
is provided by a self-ccniained oil sump, f -

TORQUE METERING SYSTEM

The torque meterirg system has tc ‘nonitor sr:z'l incremental torque variations
of the test shaft assembly at fairly high speeds. Instantaneous torque readings
determine the etfectiveness of the lubrication aystem, With an unusual rise in drive
motor ipput current, an immediate torque reading verification will enable a shutdown
before impending seizure or failure, This is impoxrtant, particularly with the engine
rotor assembly, which weighs 86 pounds and rotates at 22, 000 rpm.

The torque readout is a visual display meter with & retransmitting potentiometer
for a recorder. Calibration of the system is by torque lever snd dead weight and is
| performed periodically, The stendard torque pick-up unit has been modified for the
e - inclusion of a slip-ring assembly, Space limitations restricted this assembly to 4
= : rings, which provide transmission for reading 2 bearing inner-ring thermocouples.

The system operates at speeds to 20, 000 rpm and has functioned reliabiy duiing
all the shakedown, preliininary, and bearing stabilization tests. Due to the high
~ speed, the bruashes require frequent cleaning. The unit aleo has a magnetic spee:l
pickup, which visually displays shaft syoed on an rpm counter. This couster has been
proven more reliable than the tach-generator on the drive moter, which is used for

comparative raadings. Calibration haa been by strobe light.
Torgue pick-up unit specifications are as follows:

o Speed, ¢ to 24,000 rpm
-®  Torcue capacity, 0 to 50 invh-pounds

26 .
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Lubricator Mounted on Engine
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Figure 15. J-69 Test Stand with 15 Horsepower Varidrive Instaliation
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Test Stand Belt Drive Gystem

Figure 16,
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Torque sensitivity, 0.05 inch-pounds
Linearity, 0.1 percent full scale

» Extra sﬁp rings for thermocouples, 4

¢ Brush lifters, air operated
PLUMBING AND INSTRUMENTATION

Major components and all instrumentation of the engire test stand are shovn
schematically in figures 17 and 18. Figure 17 shows the lubrication plumbing and
associated pressure gages, and figure 18 shows all electrical components, including
motors, instrumentation, and thermocouples. Additional instrumentation not shown
are two accelerometers, one in each engine bearing plane, used to monitor vibrations
&= protection against possible resonance forces induced by the modified rotor shaft
and bearing mountings.

Speed confrol of both the main drive motor and the lubricator feed wheel is
accomplished with variable-speed controiled motors,

Each separate air inlet to the lubrication system hzs its own flowmeter and
pressure regulator, Most of the lines are 3/8-inch OD tubing and have flared AN
fittings =t all joints, The plumbirg from the oven outlets to the respective bearing
lubricant inlets is insulated with glass wool. Air temperatures and pressures are
monitored at each different stage of the plumbing,.

The control and instrument panel is shown in figure 19, At the upper left of the
left panel board are the controls for the two variable-speed motors with associated
tachometers and ammeter (for the drive motor)., The square dial in the center of this
panel is the torque meter readout. At the bottom of the panel are flowmeters and
regulators for the air inlets (lubricator and ejectors) arnd above these the pressure
gages for the inlet (high-pressure) plumbing. .

At the lower right is the temperature readout, which is capable of switcking
turocugh 20 different thermocouples. On top of thic is a digital readout counter for
direot readout of engine speed in rpim.

A sonic analyzer for use with the accelerometers had not been installed when
this photograph was taken,

REAR BEARING HEATERS

. Heaters are instalied at the rear housing to enable heating of this bearing to
simulate fired engine conditions. The original configuraticn consisted of aix §00-wxtt
capacity heaters spaced radi: 'y around th2 bearing housing, and one 1106~watt capac-
ity heater inside the roter chaft axially ccincident with the rear bearing. Design

changes to permit installation of the thrust piston assembly forced replaceniuni of tha
~ 1100-watt capacity heater with cre of 120-wat! capacity. When the rear beuring
 bousing was again radesigned the 120-watt heater was eliminated aa it only repre-

sented 3 percent of the heating power. The hoaters are cornected to the power source
through rheostats, which are adjusted simultaneously to permit operation of tha heater
group - sny value to 2 tom of 3720 watta, or 3800 watts when the 120-watt heater

was eun!mted. '
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- MOTOR FUNCTIONAL FNSTRUMENTATION TO BE CALIBRATED AT i
Y CUNTROL COKSTANT FREQUENCIES PER STANDARD PRACTICE '
r |
rom DESCRIPTION SYMBOL VALUE
; SHEAR PIX | -
oLy AIR THRUST PRESSURE ® 0-100 F8IG
é SUP-RING PRESSURE P, 0-100 PRIG
SPEED FLOWMETER INPUT AIR PRESGURE P, 0-60 PSIG
BARCATOR AXD INCREAZER
G ALSEMPLY BALL BEARING EXRAUST PRESSURE P, 2 § PEIG
: rc__[e ! ROLLIR BEARING KXHAUST PRESSURE 2 + 5 PG
—4 5019 BALL BEARNG CARRIZR AIR PRESSURE », +10 PBIG
=R 1y
| ROLLER £EARING CARAIER A2 ¥RESSURF. Py 2 10 PSIG
ﬂ I BALL BFARING EJECTOR AIH PRESSURE Y 0-40 PAIG i
ROLLSR BEARING ESECTUR AIR PRESSURE Py 0-40 PSIG i
LUBNICATOR INPUT AIR PRESSURE/BALL BEARING P, 0-40 PSIG
DITEGRAL i
= ; §
o LUBS SMP 7 LUBRICATOR INPUT AIR PRESSURE (ROLLER BEARING) Py £ 10 PSIG :
SNKAR PIN BQUIVALENT BALKL DEARING ZJECTOR AIRFLOW B, 0.3 LB/MN
30 IN-LB OM WICi SPEED SMAFT
oy ) ROLLER BEARING EJECTOR AIRFLOW Fio 0.3 LR/MIN
?
:c LURRICATOR A;RFLOW (BALL BEARING) F, 0.3 L/ MIN
LUBRICATOR AIRFLOW (ROLLXR BEARING) Fiy 0.3 LB/MN
o SLIP-RING AIR MASTER VALVE v, .
BEARING LUBE AIR MASTER VALVE V:, ;
BALZ BEARING EJECTOR AIN VALVE vy )
ROLLER BPEARING EJECTOR AIR VALVE Vo
1]
o LUBRICATUR AIR VALVE (BALL BEA..'NG) Vi
TRAUSY ACTUATOR AIR MASTER VALVE Vig
- LUBRICATOR AIR VALVE (ROLLER BEARING) Vu
, SLIP-RING COOLING AIR VALVE Vis
SLIP-RING BAUSH LIFTER RELIEF VALVE V“
i
]

np QUOP AR

Figure 17. Schematic Diagram of Air System for Test Rxg
- of Unbladed J-89 Engine
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SECTION VII
POWDER DISPENSING SYSTEM

GENERAL

Concurrent with bearing rig and engine testing, studies were performed to deter-
mine the best means of metering and dispensing the powder lubricant. The results
of these studies a; e described in the following paragraphs.

MANiFOLD PRESSUKE

it was found that at the air mass flow rate of 0, 03 pound per minute used for all
bearing rig testing, the pressure in the plumbing between lubricator and bearing
housing was negligible, With a vacuum cleaner on the bearing exhaust port, the
pressure in the plumbing was 5 in. Hg vacuum. This was evidently sufficient to keep
the powder from settling out of the airstream and collecting on the inside of the pipe.

FEED WHEEL AIRFLOW

Under normal lubricator operating conditions, during bearing rig testing, 0.03
pound per minute flow at 0. 25 psig, a slight positive pressure had been noticed in the
powder reservoir of the lubricator, indicaiing air leakage at the feed wheel. In order
to study this leakage better, lubricator testing was conducted with 2n air inlet pressurs
of 25 psig. At this pressure, leakage was noticed around the circumference and face
of the feed wheel, Varicus waeels wexe tried with different fezd wheel clearances in
the wheel housirg, but this did not alleviate the leakage problems. An air bleed line
was run fiom the lubricator inlet to the powder reservoir in an atiempt to equalize
pressure around the feed wheel. No consistent results were obtained with this method
and it was discontinued. The position of the air jet hols to the feed whee! was changed

‘from the original design (figure 20) so that tic airflow through tke lubricator would

never be completely blocked by the feed wheal (figure 21j. This appeared to alleviate
the air leakage around the fzed wheei, -

POWDER DENSITY

Measurements were talien to determine if the packing density of powder in the
.zed-wheel bucket had a sigoificant effect on weight flow, The bucket was hand
packed loosely with powder and the pecwder used was weighed, The prc-edure was
repeated with the powder tightly packed. The powder weight was approximately the
same for both tests, showing that as long as the bucket iz filled completely, the
powder weight in the bucket is constant.

WEIGHING METHOULS

Because of the ymall quantity of lubricant used for each test run (in the order
of several grams meximum), the method used to determaine the weight of powder
used cduring a run is very critical. Because of the relative woight of the lubricator
housing compared to the powder used (9 pounds vs several grams, respectively) it
was found thai accurate flow determinations could not be made by weighing the
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powder while in the lubricator. The best weighing method was found to be as
follows:

Befcre a run, the powder is weighed in a plastic bag and then pcuied into the lubrica-
tor. After the run, the remaining powder is poured from the lubricator into the bag

and again weighed. The difference in weights befove and after the test run is the

powder used in that run, The power collectex! in tne exhaust powder collector was

not weighed, It was demonstrated that in the development of the'above method of weighing
the powder that an additional check was not necessary.

LUBRICATOR DESIGN

The test rig lubricator used for metering and dispensing the lubricant is shown
in figure 22, and an exploded ..ew of the lubricator in figure 23, This positive dis-
placement type of feeder is similar to that used effectively in previous powder lubri-
cant programs (Reference 1 and 2).

The lubricator has a cartridge type reservoir containing the powder. The powder,
which is weighed separately before and after running,. is metered by a bucket wheel,
contzining 24 buckeis, located beneath the canister, Each bucket of the feed wheel
is filled with powder ac it passes the canistz- and is emptied after 180 degrees of
wheel travel by a csrrier gus jet. Feed rate is adjustable by varying the speed of
the feed wheel or changing the bucket configuration of the wheel, which is readily
accessible, . The agitator is jnstalled inside the powder reserveir and is run at con-
stani speed to prevent powder vortexing and buildup in the reser-oir.

As alternates ‘o the design described in the preceding paragraph, two new. de-
signs for a lubricator were developed and preliminary tests were performed on them.
One design consisted of a syringe mechanism filled with powder in which 2 piston
forced the powder through an orifice into the carrier airstream. The major difficulty
with this design involves the accurate pumping of a given amount of powder per unit
time throughout the operating time of the test.

The other design consisted of compressed powder being carried out of a reser-
voir into the airstream by means of a screw thread (as used in some coal conveyors).
The major probleri encountered with this design is packing of powder in the reser-
voir to the extent that it can not be forced into the screw conveyor at a fixed rate,

As successful results were obtained with the original feed wheel dc.ign, further
development of the alternate designs was not considered necessary.

LUSBRICANT DISTRIBUTION

In the bearing test rig, only a single bearirg required powder Iubricant, and this
was readily supplied by one cacrrier line from the single feed wheel lubricator. For
engine testing, however, two separate bearings required powder lubricant, and a
means had to be provide? for such lubricant distribution,

Earlier testing (Reference 4) had shown that a simple "Y" pipe was not an effec-
tive powder flow divider, becs:use pressure differentials vetween the two outlet lines
from the "Y" caused an extreme variation in relative powder flow bitween the two
lines. A digtribuicr was devised utilizing a swirl4vpe plemum chamber with ejectors
on the plenum outlet lines, Preliminary tests of the planum chamber indicated that
it was relatively insensitive to differences in pressure between the two outlet lines,
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therefore this distribution system was used for the first few engine tests. Further
testing, bowever, revealed that, even with a plenum chamber accurate division of
powder flow could not be obtained. This was due to differences in downstream pres-
sures acting thrcugh the plenum and affecting each other, and to powder falling out

of suspension in the plenum chamber and building up in the lower half of the chamber,

A suoncessful solution to adequate lubrication of both bearings was achieved by
, one feed wheel and air supply line for each becring. The original lubricator
was modified by placing a second feedwheel next to, but separate from, th2 original
. feed whoel, and gearing both wheels togother to cperate at the same speed. Witk
) proper sizing of the feed wheels, this method was found successful for providing

o(nllpowdor flows to both bearings.

The compariscon between the unmodified lubricator (single feed wheel labricator
with plenum chamber) and the modification ircorporating two separate feed wheels is
nshmra in fignre 24, The modified lubricator is shown mounted on the J-69 engine in

gure 14, )
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SECTION VIII
ENGINE TEST PROCEDURE

oL BRAL

The J-689 engine main rotor runs on two bearings, & ball bearing at the intake end
for both radial support and thrust lead, and a roller bearing at the exheust (turblae)
end for radial support. The front bearing operates in an ambinet temperature environ-
ment, and the roiler bearing in a high-temperature environment creuted by the high-
temperature exhaust gases. Engine performance characteristics have been des: -:i ed
in detail in Section III of this report and 2ppendix ! and II of refecrence 4.

TEST OBJECTIVES

The final objective of this engine test prograrm is the operatinn of an unfired e ~ine
with powder lubricated bearings at conditions of speed, load, and temperature expc: -ed
in 2 fired engive with powder lubrication, Operation at these conditions was achie . i
in a series of tert runs, the general sequence of which is as followe:

o Testing at low speed (8000 rpm) with progressively higher environmental
teinperatures at ithe rear bearing housing. Mo thrust load on front bearing,
(Maximum fired engine rear bearing running iemperature, arrived at by
adding a contingency of 15 percent of the difference between amiient tem-
per&ture and operating tcmperature as calculated in the heat transfer
analysis, 18 estimated to be about 530° F. This is the maximum valus that
was used for high-iemperature testing.)

b r———— s e e

® Testing at progréssively higher speede, from 8C00 to 20, 000 rpm, with rear
. neariug at estimated fired engine hesting conditions, No thrust load cn

front bearirg.

° Testing at low speed with increasing thrust load on front bearing. Rear
bearing at amb’ent environmental temperature.

L] Testing at progressively higher speeds, from 8, ¢CO to 20,000 rpm with
the thrust load on the front bearing.

TEST DATA -

During each tze: run, the following data were recorded:

e  Shaft specd

j o  J-69 englue tury

‘ . Carrter--- '+ ‘rmperature, both bearings
o Carrier- "' .- ; fessure, both bearings
45
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° Carrier~alir flow, both bearings

° Outer-race temperature, both bearings
° Ambient room temperature

° Lubricator feed wheel speed

° Rear-bearing heater voltage

® Thrust load on front bearing

In additivn, air pi.ssures, tempervatures, and ilow rates were measured at
various critical parts of the plumbing (into and out of lubricator, at ejectors, efc.).

Cycling frequency of recordiug data was 10 minutes for critical measirements,
such ag bearing temperatures and engine torque, and 60 minutes for general duata,
such as ambient temperature and air-flow rates, which remain ccnstant througkout
the duration of a test run,

TEST DURATION

Fabn test was run until bearing temperatures stabilized {indicated by no more
than 4° F change in one hour) or uxntil temperature, torgue, or rsise indicated rough
running with the possibility of bearing failure. Testing was stopped after 4 hours
running time if the bearing had not achieved 1 hour of stabilized running by that time.
Roora ambient temperature was between 70 and 35° F.

16
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SECTION IX

SEAL DESIGN AND EVALUATION

CONVENTIONAL ENGINE SEALF

In the conventional oil lubricated engine, the bearing-cavity shaft seals are used
to minimize the leakage of pressurized lubricating oil.

At the front bearing a face-type seal is used to prevent lubricant leakage into the
main air intake tc the compressor. This low-leakage seal is used for the following
reasond. Although the cavity is vented o ambient through the accessory case, the
entering cil is pressurized at 29 to 40 psi above ambient, The spent oil is not
scavenged from thie locstion and is drained into the accessor;’ gearbox.

At the rear bearing, th- leakage recuirement is less rigid and labyrinth seals
are used. A scavenge pump removes the oil from this position, which 18 also vented
to amtdent,

POWDER LUBRICANT FRONT BEARING SEALS

An investigation of frort bearing sesls was made or two types of 1ace seals,
mechanical labyrinih and Jabyrinth seals. The labyrinth seal was selected for this
application,

LABYRINTH SEAL

The iabyrinth is a simple sealing device. It restric's leakage by a controlled gap
to rudice flow area and it forms a series of orificea, eacu equal to the gap or clear-
ance sre&. The lakyrinth clearance must ailow for the bearing radial clearance. At
the front bearing, this clearance is nominaily 0.0025 inch at room temperature. This
requirement, ccupled with ~ short axial space linitation, has made it necessary to
study means to control the lewi.age flow through the iabyrinth, -

Two labyrinth geals ace shown in figure 25, Study numberione ‘s a stepped
lahyrinth. The touch pointe are stepped diametrically to minimize carryover past
these points. However, with the short axial space allowancy, it was necessary to
improve this methcd, ae shown in figure 26 and seal study number 4. With this method
a positive suction head, induced by the exhaust ejector, will drain the seal of powder.

Study number two, figure 25, utilizesbuffer ai_ *o change leakage paths. The
principal advantage of this method is (yat ceoling air to the bearing cavity will help
remove powder buildup at the sesl side of the besring. A separate ajr jet from the
aniaiar chamber directed to the hottom portion of the cuter ring prevents excesaive
powder tuildup. These two {ypes ware successfully teeted on the engine test rig.
These seals are not subjected to eicvated therinul sti-esses, and o not have centri-
fuga! and frictional rubbing loads. Tr& shaft and component assembly is simplified
by the removal of axial travel limits and preload required with a face-type seal. -
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The material for the initial seals were aluminum for the grocved body and steel i
for the co-mating sleeve. 1

1

CARTRIDGE TYPE FACF-TYPE SEAL (FRONT BEbAl}“[NG)

Tace-type seals are useful where low leakage limi‘s are required. These seals |
can be run at fairly high temperatures and high rubbing speeds, but dry-gas seals i
require large and rigid support housings. The face-type seal has the foliowing dis- ;
advantages:

1,  Installation time, N ;
On complex assemblies, such as & turbojet engine, shims and special
‘methods and tooling are required to position stator and rotor parts with
the proper initial preload.

2, Heat generation.
At this bearing iocation, a comparatively thin rotor (0. 218 inch) abuts the
inner race of the bearing., With a restricted flow of cooling air, the rotor
surface specd, 11,000 fpm, will produce undesirable frictional rubbing
heat, which wii! be transmitted intuv the inner ring of the bearing.

A o R D .51 sl 348

3. Requirement for squareness at operating conditions, ’

4, Vibration and axial movement,
The secondary seal (high-iemperature "0' ring) has to seal and provide
free axial movement at elevated temper atures,

Gradients.
The roter and stator rings must witkstand deflections due to pressure and
mechanical loading. These deflections will produce frictional gradients.

.(:'l

METALLIC BELLOWS FACE SEAL
Investigation of a metallic hellows seal was made. This type of seal has a
: rotationally locked secondary seal, reducing friction at the priiuary seal, The
| primary sea: rotates at approximately half shaft speed. These are two highly
desirable¢ characteristics,
The disadvantages of this tvpe seal are as follows:
¢ 1.  High cosi.

2, Critical installation dimensions.

3. Gradients,
The bellows wil: operate 2t high strevs levels due to pressure, and
mechanical and thermal range. These gradienie may induce axial and
radigl instability, ,

4, Withcut viecous dampening surrounding the bellows severc high-frequency
oscillations can occur at the see! fce.

5.‘ The heat rejection to the bearing cannot be determined without testing or
dry running this type of sea! at operating conditions,

50
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FLOATING MECHANCAL EEAL (FRONT BEARING)

No detailed investigation was made of this type of seal. The requirement for
extremely close diametrical and flatness tolerances makes this a costly seal for our
investigation,

POWDER LUBRICAN7 REAR BEARIN(G SEALS

Labyrintr Seal (Rear Bearing)

At this neal location, with the throw-away spent powder cysiem, the leakage re-
quirement is eased considerably., The only requirement is that the seal will ensure
penetration of the powder into the bearing.

The conventional engine rear bearing labyrinth seal will be used at this location.
Installation of this seal is shown on figure 27,

The forward labyrinth step seals used on the engine at the rear bearing are not
required and may or may not be used, depending on test buildup requirements,

UNIIRED ENGINE SEAL DESIGN

Front Bearig

Figure 27 shows the seal design as installed in the unfired test engine. A
combination of a rotating slinger and labyrintk seal is located at the front of the
vearing and a rotating slinger is located at the rear. The slingers create a positive

head of air and also tend to centrifugally accelerate the powder particles to the outside

cf the r ‘spective cavities, A supplementary air jet directed into the front of bearing
ass;gts .. maintaining a continuous flow of powder through the bearing. The rear
slinger accelerates the particles into the exhaust manifold where the particles are
discharged into the exhaust tube.

Rear Bearing

Figure 13 shows the instal:ation of the rear bearing seal in the unfired test
engine, The conventional engine rear bearing labyrinth seal and slinger were used
without change. The forward labyrinth step seals were eliminated and a rotating
slinger wasg substituted in its place,

FIRED ENGINE SEAL DESIGN

The geal configuration incorporated in the building of the J-69 Fired Eagine is
described in Section XI.
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SECTICN X

UNFIRED ENGINE TESTING

GENERAL

In accordance with the genernl test sequence outlined in section VIII, testing
was successfully performed unde: the required conditions as follow

o Testing at simulated rear bearing opzrating conditicns was completed
with the successful ape"formance of a test run at 20, 000 rpm with stabiiized
temperature of 515 F

o Testing was successfu:ly performed at 8000 rpm with . «0 500 pounds
thrust on the froni bearing. The ball bearing failed at 12, 900 rpm with
500 pounds thrust,

®  Testing at simulated front bearing operating conditions of 50 pounds thrust
ioad and 20, 000 rpm with heated (bleed air temperature) carrier air was
successfully performed with two different bearings of different designi.

L A ball bearing was successfully operated at 20, 000 rpm with heated
: carrier air and 100 pounds thrust load.

A summary of all unfired engine testing during the period ccvered by this report
is shown in Table III. A summary of all previously rua tests is given for reference
in Table IV. Detailed description of these tests inay be found in Reference 4. Prior
to this reporting period, a iotal of 38 unfired engire tesis had been made at various
specds ard temperawire conditions. Before test E-39, a new drive system was in-
stalled to improve performance at high load und speed conditions. 7This drive system
was described in section VI. This section will summarize all of the sigrificant test
results obtained during this report period. Detailed descriptions of the ‘est results
with epecific ernphesis on those tests which achieved tiie programs cnject.hes are
presented in the appendix,

PHASE 2 ENGINE TESTING (TEMPERATURE VERSUS SPEED)

PlLase 2 engine testing cousisted of ruuning the untired J-69 englne at varying
speed’s from 8,000 to 20, 0CO rpm with heated carrior air and heated rear bearing.
Figure 28 indicates the results of the temperature versus speed tests usicy the
bearing series B-5 and R-6. The most significant result is the shape of the roller
bearing tsmperature curve. At 8,000 rpm the bearing tomperature {s the highest,
drops olf significantly at 12, 000 rpm, and starts to climb as the speed increases.
The drop in temperature from 8, 060 rmin to the higher speeds {8 attributed to the
greale.” alr circulation arcund the bearing housing caus~d iy the increased drag of
the turbino rotor diec. After this series cf teets were compieted, an additional run
at 8, 060 rpm was made to verify the origlm.i test data, The resuits currelated very
well 549° ¥ for \he initial test and 516° F for the check test. Horsepower, torque
and ball hearitg temperatures incrensed with &a increase of speed. Power required
to drive the englie increased by about 575 perceat as uw speed was lmrmrd from
8, 000 to 14, 000 pm.
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PHASE 2 TESTING (TEMP - SPEED)
UNFIRED J-69 ENGINE
TORQUE, HORSEPOWER AND BEARING STABILIZATION
TEMPERATURE VS SPEED, BEARING SERIES B-5 R-6

- REAR BEARING EXTERNAL HEATING CONSTANT AT VALUE WHICH
WOULD GIVE STATIC BEARING TEMPERATURE OF 800° F
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Figwe 28, Summary of Phase 2 {temper ature-seed; Engine Testing
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’ TABLE 1V. SUMMARY OF PREVIOUS ENGINE TESTING, UNFIRED J-69 ENGINE

) L L)
“
Thrys! Sabiltiaed
Al Notler ond Rear ’_‘Tﬁm_‘*&“__ Atr ﬂ‘ﬁ!r""‘ Pywder Flow Time
ffrens) | (rear) et - | AVE Front | Bearing oller LY T oller of
Test | Boaring | mazig .3, |Torqor [Dearing | Heating | Bearing { Braring | Beariag | Bearing { Beaiing |Bu: ‘~¢ | Run Remacks
Ho. wn ~N {rpm x 307§ in- by (ts)y {watts) N cn tlo/min} ]| (b/min) | (xm/min} ) theny
. [ R
» B Bie R-7 ] [} o 1 92 4,15 0.1% 3.0 Both brgs as supplied with cogine, Ball
- . bearing with grooved retainer Bearing
material 54100 stoul - both brgs  Rig .
checkoul, Totel powder flow » 0. 008 gm/min.
[ ] le R-7 3 L] L] ” 78 0.1% Lt to Rig checkout. Total powder Now = 0, 008 gm/mir
-] | 213 -1 2 [} 0 92 max | 118 max 8,18 'R 1.0 ity chuckout. Temperature did not stabi!‘ze,
Towal powder flow = 0,018 gn/min,
[ 2} B-ic Rr-1 [} EX § [ [ 53 116 max 015 14 PR itig checkaut, Rollar bearing Wwmperature
did aot stabitize. Total powder flow = 0 046 g/min.
) | O R-? ] L7 o [ o 50 154 .15 0.4 3.0 Firal low apecc test, Tol powder fluw = 0,044
gm/min
» } 0 R-7 ] 48 [} ! L] B raxe § Lk mex 0.1% [T} 9,005 0,039 0 Tube sysiwm checkout. Temperature did not stabil-
.7 max) . ize.
| 24 | 5] R-ia 0.4 6.4 ¢ 0 I 74 015 0.14 (U New bearings.,  Ball bearing of M50 steei. Reller
H bearing of 4400 stainjuss steel. Ball dearing with
: wround rotainer  Hun W cont bearings.
H [ N . -+
" Es B3 R-3a ] (1) ] u 0 ™ 0,15 014 [} Totwl powder fiow = 0,024 gm/min.
Exa | =) F-3s ] ] 39 v o e ¥ vl 94 ! [ I'nul nowder tlow = 0.024 gm/min
s o t
f [~ ] B3 R-3s ) 3.6 o B} whomax | v max 0.1 v, 44 X ra luby aystem checkout, Temperature did not stabilize
3 | | Vual powider flow = 6 u3k gm/min
3 N T
- N Eid 2-3 R-3a [ 3.6 u 0 9N ~y : ) Hall brg s ingerature rose to 94° F st end of tost
) ! Towsi pawede s tlow = U U24 gin/min.
§ ISR AP SO [ SN e
El ) R-3a L} Y 0 [0 s a7 2.3 Buaring wngsreture fluctuated around stabilizatinn
g talues,  Total powder flow = ¢, 02% gm,/min
; 12 83 R ~ 40 ° . B0 ju ol Tube syswm chuckolt, Bearings ran wel!,
- e e . PR SUE, SO
E1) B-3 R-3a 12 X o 04 [ a 010 RO 1 [} Buarings ran sell
P §— AU CHRRN SV S
e B3 R-3a 2 w0 “ [ Wt N o, ¢ v 1o Cheek onrun 1S, Bearlsgs ran weil,
31 I 24 -3 $1 0 u 1.7 Rig checkout.  About 1.7 hours total
e Tunning Ui,
. T
[> 1] ) R 8 S8 0 [ 1t ¥ Q0.7h 0.3¢ [T 0, i 3.0 New lubricant distribution system. Bearings
: . ran well,
Fal B3 Re3n 8 37 [ o 36 20 [ R 0.3 0911 o vug 2.3 Bearings ran vell,
> 73 B3 R-% 5 L 3.5 [ 0 g 133 [ 1Y 0.42 [ XUT) XL 3.0 Total hunter capacity = 6 x $00 watts dlus 1 x
} ‘ L100 watts. Bearing rat well,
H K S -4
i H £33 B3 A ] 3.6 [ 17y o 23 0.76 [R-7] G.ei5 vl N Bearings rui well,
3
v ™ B3 ! R A 38 0 ny 200 w76 %] o6 [nmr I Buarings ran well,
i E25 | B3 | R 5 3.4 o | 60 104 1350 06 | wm 0018 | wa 10 | Bearings ren i,
> ) B-5 R-¢ o5 1.1 '] ) N b4 3 024 [T 4,023 DIRVIR] [} New buarings,  Buli bearing of 440CM modified
. stainless Mecl with grooved rewadier. Roller
waring of M3U thol ateel.  New iubs system. Run
n 1o vt bearings.
: — —_—
22t B-& "3 1 36 m n a1 S R} 0. 023 [UNTX) ER') Cahibratlon it ~000 rpm.  Bearings ran well,
[~V B-3 R-¢ R 117 9 L] DT CR [UTR] u T Shut dem a to reyair tost o ig
> B R-8 L] e " ] 83 [y 0.3 " uLd 3.0 Beurings run vell,
s R R
ne B8 R-¢ L] kN } n 5 9 (L1 [NUT) V.04 14 Nuw haating arrangumor:, Total heater capacity =
€ x 800 watts plus | x 120 watta.
— —
Ext B-8 R-8 ¥ 1.8 o ke [} 23 (1) [NL] n.01 0,054 2.3 Bearings ran well
D2 B3 R-¢ L] 3.4 [} (13 i 1R L2 0.1 0 61 0.t ) Uperating at expected wmperature love) of rear
waring in Hired ongine
f i “ws B3 A4 N 33 N i 12n sa0 02 e euio v 2.3 THIS AND ALL SUBSEQUENT TESTS MADE WITH
HEATED CARRIER AIR UNLESS OTHERWISE NOTED
AR TEMPERATURE AT BEARING INLETS KEPT AT
ADOUT 250~ F. BEARINGS RAN WELL,
—— i — et
N £34 Rt R-& 14 8.8 9 L23) 143 438 0.24 0.1F b1} L 3.3 Jearings ran weil, Heated rear bearing ruaning cooler
‘han at 0 rpim,
[>7Y B-ua A-ta [l R (] L] L] 7 Q.74 AL 0,008 0,009 2.0 New bdearings. Calibralion run an & check with taat E28.
Unheated carrier sit,
- -1} P-ls R-Ga [} 3.6 ] [ L] 130 k1] 0,44 0.8 0.00% [N 2.0 Rua to chruk rat basring ccoung with modified ducting
7 in engine (et utand application only), Bearings ran weil
B | KN K-w It %} v " 148 an 0.24 018 0.0 jowy -3 Same s above, at 12,300 rpm. Becringe an well,
[ ~1] B-la R-ta it an 0 L1} (1] 24 0,34 0. 1n a.011 .01t ) 2. Origina} sucting as for wats I to B33 Calibration
check with test ES4.  Buaringa ran well,
j SOer race lempe rature normalised for 18° F room ambleat tempenatury
. ®
: '
; .
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PHASE 3 ENGINE TESTING (TEMPERATURE AND TORQUE VERSUS THRUST LOAD;

Phase 3 testing consisted of running the unfired J-69 engine at 8,000 rpm, withk
unheated carrier air and unheated rear bearing. Thruet loading on the front bearing
was varied from 0 to 500 pounds. Figure 29 indicates the resulis of the temperature
and torque versus thrust load tests using the bearing series B-3a and R-6a. As the
thrust load was increased the temperature rose fairly rapidly, leveled off at 100
pound load, remained steady until at 250 pound load the temperature again started to
climb to a maximum value of 179° F at a 500 pound load. An atiempt was made to
operate at 12, 000 rpm with a 500 Pound load, but the test was unsuccessful 28 the
bearing temperature reached 350" F after 33 minutes of operation indicating a failure
of the bearing. Detailed information and pictures of the failure are described in
test E-48 in the Appeadix.

Althougk ball bearings performed well at all loads, there was about a 40 percent
increase in torque required tc drive the engine as ioad was increased from 0 to 500
pounds. The torque curve basgically follows the slope of the temperature curve.

Total arcumulated running time of the bearing series B-5a and R-6a during the
Phase 2 and Phase 2 tests amounted to 31, 3 hours before failure of the B-5a bearing
recurred.

PHASE 4 ENGINE TESTING (TEMPERATURE AND TORQUE VERSUS SPEED)

Phase 4 testing consistes vi . ning the unfired J-69 engine at varying speeds
from 8, 000 to 20, 000 ror: and at 0 and 50 pound thrust load with heated carrier air
and unheated rear bearing. Figure 5u indicates the results of the temperature and
torque versus speed tesis using the bat.ang series B-3a and R-1a, Figure 31 indicates
similar resulis uf tke tesis asing the Learing series B-5¢ and R-2b, :

The curves shown on tigure &V (B~-3a and R-1a) are representat‘ve of the charac~
teristic ; erferinance of a giver set of bearings, In as much, as a few of the plotted
test pc'rts on fizure 31 are teken from other bearing configurations the curves as
presenicd ave rot cormletely valid, although the data confirms the results shown .
in figure 27, :

The torque curves at 0 and 50 pound loads are practically parallel to each other
throughout {l.c speec range. At a given speed the gap between the two curves is
reasonnbly constont within a range of 7 to 10 percent, The average increase of
torque to drive the engine, regairdless of the load, increased about 450 percent as the
speed increased from 8,000 to 20, 000 rpm. Tle temperaiure change as the speed was
varied from 8,000 to 20, 000 rpm increased about 48 percent at the 0 thrust load condi-
tion, to 56 percent for the 50 pound thrust load condition. .

The bearing series B-2a and R-1a were successfully run for z period of 9 hours
hefore the failure of the B-3a bearing occurred whiie attempting tc operate at 20, 009
rpm and a thrust load of 100 pounds.

SUMMARY
K A rear (roller) bearing was successfully run #i 20, 000 rpm and 515°F

siabilized operating temperature, simulating iestimated ergine operating
conditions, The hearing used had inne: ring ;uided rollers and an ouler
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- TEMPERATURE VS SPEED AT 0 AND 50 LB THRUST LOAD (BALL BEARING B-32)
ENGINE TORQUE VS SPEED (B-3a R-la)
ALL TEMPERATURES CORRECTED FOR 75° F ROOM AMBIENT
POWDER FLOW = 0.012 TO 0, 020 GRAM/MIN EACH BEARING
ALL TESTS MADE WITH CARRIER AIR TEMPERATURE OF 220° F

— 16.0
l
TORQUE /
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~ 14.0
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180 ‘ y 50 LB THRUST 10.0 a
| 170 =
} &
j 160 8.0
B cF’" / / O]
| | | =)
s, 150t— s
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B 140 7 / TEMP
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130 v h
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80 1 : A 0
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Figure 30, Phase 5 Test Rusuits, Temperature Versus Spoed and Load,
Bearing Series B-3
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TEMPERATURE VS SPEED @ 50 LB THRUST LOAD (BALL BEARING BVc) ENGINE
TORQUE VS SPEED (BVe, RIII6)

COMPARISON WITH NO LOAD PINS (BV, RVI)

AL7, TEMPERATURES CORRECTED FOR 75° F ROOM AMBIENT

POINTS MARKED BVA WERE FOR APPROXIMATE STABILIZATION ACHIEVED WITH
BEARLIG BVd, RIVa

oy et i e S o ek D bt
R 4

' 16,0
L B
L 260 vd
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o 220
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; 10,0
: 3
B m ) E
& =)
= o
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8 180 e~
'g TEMP - NO LOAD | .
(<} / )
e v/
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T
150 L
130 : 2.0
110 ; - P ‘ j : 0
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Figure 31, Phase 5 Test Resuits, Temperature Versus Speed and Load
Bearing Series B-5
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ring guided retainer, Rings and rollers are of M-50 tool steel and the
reiainer is Monel S,

A ball bearing was run successfully at 8,000 rpm and 500 pounds thrust
load (50 pounds radial load). This bearing was of conventinnal split inner
ring design with an outer ring guided reteiner. The retainer was modified
by cutting grooves in the outer rim of the lubricant exhaust side to facilitate
lukricant {iow through the bearing. Rings and balls were 440 CM stainless,
and the reiainer was silver plated AMS 6415 steel.

Testing at simulated front bearing operating conditions of 50 lbs thrust
load and 20, 000 rpm with heated (bleed air temperature) carrier air was
successtuliy performed with two different bearings of different designs.
(B3 and B5), described in section IV,

A ball bearing was successfully operated at 20, 000 rpm with heated carrier
air and 90 - 100 1bs thrust load,

Testing revealed that optimum lubricant powder flow for ball bearing opera-
tion under thrust lcaced conditions is about 0.015 grams per minute. This
is approximately double the flow rate which had been used for most earlier
testing,

The increase in powder flow rate appeared to have little if any affect on a
roller bearing operating at 20, 500 rpm with no external heating.
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SECTION XI

FIRED ENGINE DESIGN

GENERAL

The turbojet engine used as the test engine for this program ie & USAF Model
J-69-T-25, manufactured by the Continental Aviation and Engineering Corporation.
This engine is8 shown in Figure 1 with accessories mounted in place and the conventional
oil lubrication system installed, A cutaway drawing showing an identical engine with
a powder lubrication system installed is shown in figure 32. This drawing depicts
the powder - air flow as well as the ejection air flow lines.

FIRED ENGINE LUBRICATION SYSTEM DESIGN

Figure 33 shows the J-69 engine with modifications and lube system flow paths
for operation with powder lubricated engine main bearings.

J In a normally (oil) lubricated engine, there is a face type oil seal on the r.tor

! shaft immediately behind the front bearing, For the powder lubricated engine this

geal has been relocated at the gearshaft end of the accossory housing, as shown in

} figure 34, In this position the face seal will serve as the primary means of isolating

| the front main bearing (powder lubricated) from the cil used in the accessory gearbox.

, Complete isolation of the powder system from any oil contamination is necessary for !

;i both theoretical and practical reasons. Theoretically, because the object of the test |

i _program is to determine the effectiveness of an aksolutely dry lubrication system;
practically, because a #mall amount of cil mixed with the graphitec might cause severe :
caking of the powder in the bearings. To provide for the complete lubrication system
isolation required, a slinger is provided as shown in figure 34. This slinger will
induce any oil which leaked through the face seal to be ejected directly into the exhaust
air stream from the front bearing, thus preventing the oil from getting to the bearing
itself,

At the front bearing, the air-lubricant mixture will be carried through passages
drilled in the 10 o'clock strut of the compressor housing. The powder is then routed
past the birdcage bearing support cage and directed into the bearing. While scme re-
work of the suppurt cage was necessary, the bagic geometry and tclerances wete
maintained to meet critical speed characteristics of the main rotor shaft, A boost
air vjector is provided in the powder flov/ system to overcome the pressure drcp and
prevent powder buildup at the transition from the compressor housing to the support
cage. After passing through the front bearing, the powder is picked up by a slinger
(replacing the original engine cil aval) and is slung out, exhausting inio the engine
inlet air streain,

Figure 35 shows the detail parts of the front beariag assembly. The thi.rmo-
couple wires shown, are installeC to monitor the temperature of the cuter raco of the
bearing. The segment shown at the bottom of the bird cage fiis into a cutawsy of the
front engine houring shown in figure 36. The bearing depicted in figure 35 is ahewn
with the modiffed retainer, slinger, lock nut and spacers.
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At the rear bearing, the powder flow path can be readily adapted from tke existing
oil system piumbing with oniy minor modifications. The air-powdsr mixture flows
through piping in a strut similar to that used in the oil lubricated engine. After fiow-
ing through the bearing, the powder is thrown out of the bearing area to ambient air
by meane of a slinger "vhich replaces the original stepped labyrinth at the front end
of the rear bearing housing.

The rear bearing assembly (figure 37) is shown with the thermocouple wire
around the rear bearing housing. The bearing slinger, bearing, and bearing ejector
housing are also shown,

. Figure 38 is a detail view of the ejector housing and the labyrinth seal.
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SECTION XII
CONCLUSIONS AND RECOMMENDA TIONS

The original objective of the three year program, concluded with this report, was
the development of a powder lubrication system, and bearings, to be used with a J-69
turbojet engine running under fired conditions on a test stand. This development pro-
gram was successfully completed with the unfired testing cf a J-69 engine using such
& system under simulated fired engine operating conditions.

Major achievement during this program included the following:

L Operation of a roller bearing (engine rear bearing) design with powder
lubrication at 20,000 RPM and 540° F operating temperature, simulating
conditions expected in a fired J-69 engine with powder lubrication.

° Operation of two different ball bearing (engine front bearing) designs with
powder lubrication at 20,000 RPM and 50 to 100 pounds thrust load, simulat-
ing estimated fired engine conditions with powder lubrication.

° Redesign of the J-69 engine lubrication system for use with powder lubrica-
tion under fired engine conditions.

o Modificaticn was made to a fired J-69 engine in accordance with the above
design changes. This engine has been shipped to Wright-Patterson Air
Force Base, ior actual fired testing with powder lubrication.

CONCLUSIONS

As a result of testing under the program reported, it appears that a J-69 engine
can be successfully opersted with powder lubrication replacing the normal oil lubrica-
tion system for the two main rotor shaft bearings. A preliminary design for the
powder lubricating system has been successfully tabricated and tested on an unfired
J-69 engine. For use with this system, the normal rear bearing of 52100 steel is
replaced with one of M50 tool steel to provide for the high operating temperatures
expected. The front beering has been modified by the addition of air powder scavenge
grooves cut in the retainer. The front bearing is made of 440 CM stainless steel to
provide a safety factor against any unexpected thermal conditions occurring in the
actual engine with powder lubrication.

-

A J-69 engine modified for use with powder lubrication was fitted with these
bearings and shipped to Wright-Patterson Air Force Base for testing under actual
fired conditions. The purpose of this future testing is to substantiate results already
obtaived with an unfired engine, as well as to determine any further bearing develop-
nients needec in & fired engine using powder lubrication.
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RECOMMENDATIONS

Asg a result of the tests conducted during this prograr: ihe following re-
commendations for further deployment of powder lubrication systems can
be considered.

Use of powder lubrication as a primary lubricaiion system for turbojet
engines when bearing temperatures exceeds the limitations of conventional
lubricants.

Use of powder lubrication as an emergercy lubrication system for engines,
transmissions or auxiliary power uni:s.

. Use of powder lubrication as a primary lubrication system for rotating

equipment exposed to a radioactive environment.

Commercial application for powder lubrication systems n steel mills,
kilns and high temperature environments,

Use of powder lubrication in space environments where high bearing

. loads, aad/or temperature and space vacuum dictate the replacement of

a conventional lubrication system.
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APPENDIX 1

DESCRIPTION OF TEST RUNS

This section summarizes all of the significant test results obtained during this
report period with specific emphasis on those tests which achieved the program's
objectives,

Test E-39 was run at 12,000 rpm with a heated rear bearing as a theck with rua
E-38, which was the lzst test made beiore the new drive system was installed. Rear
bearing stabilization temperature wog about 470° F, which was 50° F higher than the
stabilization achieved in run E-38, but this difference was caused by test E-39 being
run at 703 watts heating instead of tbe required 648 watts,

Test E-40 was run at 16, 000 rpm with rear bearing heating starting at 703 watts,
whia,h was reduced to 648 watts with a corresponding temperature reduction of about
50° F, confirming the cause of the difference in temperature between testa E-38 and
E-33. Tke rear bearing operated satisfactorily for 4 hours at about 465°F, Curves
of race temperature versus time are shown in figure 39,

Test E~41 was run at 20, 000 rpm, and reer bearing temperature stalilization was
schieved at 515° F cfier 160 minutes. At 130 minutes the temperature began a
gradual rise and restabilization and the test was stopped at 150 mimites (2-1/2 hours).
During this run the torquemeter was not operating, but observation of the noise and
vibration of the test stand confirined the temperature indication of a smooth rumning
bearing. Curves of race temperature vercus time are given in figure 40. -

A summary graph showing bearing, temyerature, torquc and horsepower versus
engine speed for all Phase 2 (temperature-speed) testing is shown in figure . The
drop in stabilization temperature from 8000 rpm to the higher speeds is attributed
to the greater air circulation around the bearing bousing caused by the increased drag
of the turbine rotor disc. The temperature then climbed with an increase in speed.
After this series of tests werv completed, an additional run at 8000 rpm was made
to verify the 0riginal temperatures. The results correlated very well, 540°F for
initial tost a.nd 516° F for the check test,

Phase 3 tes'ing consisted of running the unfired J-692 engine at 8000 rpm, with
unheated carrior air and rear bearing, with thrust loading on the front bearing was
varied from 0 to £00 pounds.

The original rear bearing housing, which also held the rear bearing heaters,
was made of aluminum and had warped during Phase 2 teating due to the high tem-
peratures of the beuring heaters preventing its use with the thrust loading system.
A pew housing nnd thrust piston of similar design but made of steel to prevent
thermal distortion were made and installed in the engine., The new housing did not
have provision for a heater to be placed at the rotor shaft axis, bat as this axial
heater only provided 3 percent of the heating power, its omisaicn wasg not considered
of major consequence. :
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Test E-42 was performed as a checkout run of the new housing and heater
arrangement. The resulis correlated well with thuse o1 a previous run made under
similar conditions (E-33). Curves of race temperuature versus time are given in
figure 41,

Test E~-43 was run with no thrust load until bearing temperatures had stabilized
for one hour, at which dme 70 pounds thrust load was applied throvgh the rotor enaft
to the front bearing. Tae front (ball) bearing temperature restahilized at about 20° F
higher than with no icad, The roller bearing restabilized at a lower temperature than
the original, this beirg cauced by thrust loading air legking past the housing, Curves
of temperature versus time are shown in figure 42.

Tests E~44 and E-45 were run st.ccessfully at 140 pounds and 250 pounds thrust
load. Curves of race temperature versus time are shown in figure 43.

8 : Tesl E-46 was run with 423 pounds thrust load kscauge of excessive pressure
- S drop in plumbing on the pneumatic lines supplying air to iia thrust piston, The

¥ plumbirg was reworked and test E-47 peiformed successfully at 500 pounds thrust
load. Stabilization temperature at this load was 175° F, about 70°F higher than with
no load. Curves of race temperature versus time for runs E-46 and E-47 are shown
in figures 44 and 45,

Although the ball bsaring performed well at ail load:, there was about a 35
percent incregse in suwer required to drive the engine ag load wae increased from
0 to 500 nounds., Curves of temperature versus load and total engine torque (ball
and roller bearings) versus load are shown in figure 29,

[ "' '

: Phase 4 testing (at varying speed, load, amd temperature) was started at 8000
rpm with the bearings previously used through Phare 3 (B-5a, R-6a). Test £-48
was started at 8000 ypm with a heated rear bearing and 500 poundz thrust on the front

bearing, Testing was started with the thrust air at room ambient temperature, but

-+ S alr leakage Jown tie motor ehaft had the et'fect of cooling the rear bearing, so

. thruat air temperature wes raised to 500° F which gave rear bearing operating tem-
perature of about 510° F. During this test the ball bearing outer race temperature

did not stabilize and the test was shut down when this temperature reached 326° F.

Engine teardown revealed good Jubricant filming in both ball and roller bearingﬁ, but

excessive wear and metal smearing was evident on the retainer guiding surfaces of

the ball bearing, Before teardown, the bearings had accumuleted 46 hours of testing
at speeds from 8000 to 20,000 rpm. Curves of race temperature versus ti me for
this run are shown in figure 46, Photograph; cf uth bearings after teardcwu rre

presented in figures 47 through 50,

e e s b

The erginc wae reassembled with new bearings of the same des':m as previously
rmn, calied B-5b, and R-6b, and test E~49 performad at 8000 rpin as a break in and
ce. libratiou run of the new bea.rings, Performance ~orrelated well with calibration
of the previvus aet of bearings (iest E-85), Curves of race temperature versus time
are given in figure 51. '

Test E-50 was pertormed £t £000 rpm with 500 pounds th.cust k ad and was stopped
afier & successful run ol ” hours. Ball bearing temperatures ware in good agreement
with a similar run using the previous bearings (E~47), Curves of race temperature
veérsus time are given in figure £2.
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. J-69 ENGINE TEST E-42
BEARING OUTER RACE TEMPERATURE VS TIME (B-5a, R-2a)
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Test E-51 was started with 500 pounds thrust load at 12, 000 rpm but was ahui . 8

down when the hell bearing temperature ro . to 350° F after 3.5 minutes of operation.
Curves of race teinperature versus time are shown in figure 53.

On teardow.., it was seen that the two inner rings of the ball tearing had welded
together at the inner 1.:ce parting surface, this being . ‘companied by metal smearing
and flaking a3 shown in figures 54 and 55. Severe v'ear . °d smearing was evident v - 4
in the retainer ball pockete as shown in figure 56. !nvestigation showed that powder L
buildup or retainer flaking might have reduced internal bearing clearances and caused

binding. This was corfirmed by a failure anaiysis performed on the bearing by the
manufacturer,

For test E-52, roller btear. g R-6b was kept in the engine, but & new ball bearing
of previously untested design (B-4) was installed as the frent bearing. The balls and
rings ~f this bearing are of M-50 steel and the retainer of Monel S, The retainer hos
an X-shaped cross section designed theoretically to provide for better lubricant flow -
through the bearing. Test E-52 was a bearing break in and calibration run and was i
stopped afier succersful 2 hour run at 8000 .pm. Curves of race temperature 3
versus time are shown in figure 57.

1'est E-53 was run for 2,3 hours, witk both kearings achicving stabilized tem-
perature operation at 8000 rpm with 50 pounds thrust on tke f ron* bearing. Ball
bearing stabilization temperature under this load was about 35° F higher than for test
E-52 with no thrust load, which was caused in part by the use of heated lube carrier
air for test E-63. Curves of race temperature versus time are shown in Sgure 58.

Test E-54 was started at 8000 rpm with 10C pounds thrust on the front bearing.
The test started well and tke ball bearing was approaching stabilized operatioa &fter
50 minutes, when the bali bearing temperature and engine torgue suddesnly increaseq,

roquiring test shutdown. Inspection revealed a good lubricant film on the ball bee riug
races and balle, but very poor filming on the Monel retainer rubbing surfaces, On
these surfaces the lubricant appeared to have caked unavenly and smeared, producing
an uneven sliding surface, It was decided to discontiruve testing of this retainer design
in favor of the more successful design (B-5 series) which ad run at 8000 ~pm with up
to 500 pounds thrust ioad. Curves of race temperature versus time for test £-54 are
shown in figure 59 and a photograph of the retainer rubbing surfaces in figu.e §0.

For test E-55, roller bearing R-6b was kept in the engine, but a new bell bearing
(B-5c) of the type previoualy tested to 20,000 rpm with no losd, was installed, Run
E-55 was a checkou. and calibration run at 800 rpin with no load. There was & rapid
rige of rollec besring temperature soon after the run wa started, probably caused by
some powder clogging, but bearing tempearature thereafter dropped off ard stahilized
with no further problems. Stabiliz.ticn temperatures for this run were about 19° F
higher than the previous comparable run (E-49) but this was conridered only a minor
discrapancy, as bearing performance wase otherwise very smooth. Curves of race
terngeraturc versus time are shown n fipure €1.

Test E-56 was run at 8000 rpm vith heated carrier air and 0 pounds thms!
lcad on the ball bearing. Bali bearing temperature ahowed & very slight (5° F) tem-
peratura varintion during the test, but the bearing was courigered to have achieved
stabilized operation, and the test Yo stupped after 140 minut+a. Ball bearing op-
erating iemperature was about 50° F higher than 'n run E-55_ ‘ut most of this increase
was attributable to the bested carcier air. There wis no correspoading inereass tn
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Figurc 34, Test Bearing B-5b Inner Rings after Test E-51

Figure 55. Test Bearing D-5b Inner Ring Cross Section Showing
Weld at Race Surface
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rolier bearing temperature from the previcus teat, i this was cue to the cooling
effect of leaking thrust air, Curves of race terrperatur.: vorsus time are shown in

figure 62,
Test ii~87 was run with 100 pourds thrust load at 8000 rpm, and stabilized opera-

* ' tdon of the ball bearing was obtained at about the same temperature a3 with 50 pounds

load. Curves of race temperature versus time are shown in figure 63.

Tesﬂng at 12, 006 rpm with 50 pounds thrust load was performed with test run
E-B8, With heo.ted | carrier air, the ball bearing reached a stabilized operating
temperature of 165° F and rema,ined at tbis level until the test was stopped after two
hours. This was an increase of about 10°F over the 8000 rpm operating condition,
Curves of race tompo-ature versus time are showa in figure 64.

Tert E~59 was performed as a checkout run with a new rear labyrinih and rear
bearing. The run was successfully completed at 8000 rpm with no thrust load and
with Jubricant carrier air at room ambient temperatures, Curves of race tempera-
ture versus time are shown in figure 65.

Teets F~80 and F-61 were repeats of previous rurs at 8000 and 12, 000 1pn
respectively with heated carrier air and 30 pounds thrust load, Time-temperature
curves for these runs are shown in figures 66 and 67.

Test E-62 was successtully parformed at 16, 000 rpm with 50 pounds thrust and
heated casrier air. During this run the ball bearmg, teinperature stabilized at about
195°F, as shown in figure 68, which was about 50° F greater than at 8000 rpm.
Immediately following test E-Gz the engine speed was being increased for a rux at
29, 000 rpm when, at about 15, 006 rpm, an aluminum shroud over the kirbine wheel
broke, induciyg severe vibrations in the engine and causing ar immediate shutdown.
Upon teardown, there was sesn to be no damage to any of the rotating parts of the
ongine, and it was decided fo attempt continued testing with the sume begrings and
no shroud over the turbine disc. The engine rotor agsemhbly was dynainically balances
with the unshrouded turbine disc, and test E-53 was performed us a checkont at 800
rpm with no load. As shown in figure 69, both bearings achieved temperature
ntabilization at & low level, indicating that there had been no damage incurred te the
pearinge when the shroud brcke. The torque, however, was about three times as
hagh as previous similar runs with a shrouded turbine disc, indicating that windage
losses caused by the exposed fir tree footings would be in excess of the drive system
capahiiities at high speeds (16, 000 and 20, 000 rpm).

In lieu of installing a new turbine shroud, a simulated turbine disc with no fir
tree footings was fabricated and used in place of the original turbine disc on the
engine rutor shaft, Test E-64 was performed as a checkout run of the new cngine
~assembly ut 8000 rpm, during which the bearings performed satiafactorily as shown
in figu: ¢ 70. Immediately following this run, a high speed checkout run of 4-1/2
hous duration was made, This included one hour's running at 16, 000 with 50 pounds
thmst load, and several minutes running at 20, 000 rpm with ne load, Torque

- readings and engine noise indicated that the bearings were performing well througbout

this run, but accurate temperature readings could noi be obtained because of diffi-
cultios encnunteved in the tamperature readout instrumentuiion,

' Test -85 wag ran st 16,000 rpm 88 & comparison with run E-62, During this
test, thrust load on the front beariyng was veriad from 0 to 60 pounds. With no thrust
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load, front bearmg tempersture stabilized at about 145° F, and with 50 pounds thrust,
at about 300°F, which was over 100° F greater than previously obtained at similar con-
ditions, Curves of bearing temperature versus time for this run are shown in

figure 71,

There was found to be a possitility of thermocouple instrumentation malfunction
during test E-65, and so after checkout of the instrumentation tests E-66 and E-67
were performed as checkout runs at 8000 rpm, with 0 to 50 pounds thrust load
respectively, As shown in figures 72 and 73, ball hearing temperature stabilized
at low levels for bcth of these runs, showing the bearing tn evidently be in good
running condition,

Test E-68 was run at 16, 000 rpm with 50 pounds thrust load as a check with the
previous test at these conditions (E-65). During this run ball bearing stabilizaticn
was reached at about 305° ¥, which was the same as during run E-65. After one hour
of running the powder flow was increased from 0,010 to 0, 033 granms per minute,
causing a reduction of ball bearing temperature to about 270° F as shown in ﬂgure 74.
At this higher flow condition the ball bearing temperature was slightly erratic, in-
dicating that the higher flow rate was possikly causing some powrder clogging in the
bearing. Upon teardown after this run, there was seen to be a moderate amount of
wear on the retainer guiding surfaces and wear tracks were ground into the outer ring
guiding lands of the ball bearing,

Testing waa continued using ball bearing S/N B-5, which has been used for pre-
vinus testing at speeds tc 12,000 rpm with no thrust lcad. Except for some burrs
on the retainer, which were removed before installation, the bearing was in good
condition, and performed well during the checkout teat at 8000 rpm (test E-69,
figure 75).

Test E-70 was run at 8000 rpm with 50 pounds thrust on ‘he ball bearing, Ball
bearing temperature during this run fluctuated between 145°F and 155° F, with some
stabilization reached in the area of 155° F, as shown in figure 76, This run was
stopped after 160 minutes because of excessive noise ¢mission from the front bearing.

To determine if the bearing nox. . was indeed induced by thrusi loadirg, test E-71
was started at 8000 rpm with no thrust load. After one h wur, which time the ball
bearing operating temperature hac stabilized in the area of 110" F, a thrust load of
50 gounds was applied, at which time ball bearing temperature incres.od to about
160" F, and the bearing became noisy. Curves of race te. perature versus time for
this test are shown in figure 77,

‘Jpon engine teardown, bearing B-5 was seen to have retainer and ring guiding
land wear similar to, althmxgh not as severe as, the previously run bearing (B-5c).

An inspection of the J-69 2ngine main bearing mounts at this time showed that the
mounts were out of concentricity by 0.010 inch to 6,015 inch. This probable cause
of the last two bearing failures was tracked back to the disintegration of th~ flywheel
shroua following test E-62. During consultation with the manufacturer of the two
failed bearinga this vut of concentricity condition wae confirmed as being the pro-
bable cause cf the bearing fadlures,

Following engine bearjag housing realignment to within J, 0005 inch and re-
balancing of the rotur shafi, the engine was reassemblec with new ball and roller
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bearings (B-3a, R-1a) tc be uced for chacking concentricity and halance. Test E-T72
was started at 8060 rpm with no load and after 100 minutes a thrust ioad of 50 pounde

was applied Ball bearings stabilization temperature, as shown in figure 7€ increased
by about 10° F when the load was applied,

Test E-73 was run at '2, 000 rpm, again with thrust loading increased from 0 to
50 pounds after one hour running. The bearings performed well during this run, as
evidenced by the temperature stabilization as shown in figure 79,

Tests E-74 and E-75 were perfcrmed at 16, 000 and 2¢, 000 rpm, each run being
started with zerc thrust load which wae raised to 50 pow.ids after one hour's running,
A ; shown in figures 80 and 81, thetearings perfcrmed well at these speed and lnad
levels. After one hour's running at 2C, 000 rpn with 50 pounds o1 thrust on the ball
bearing, thrust load was increased to 100 pounds Within five minutes ball bearing
‘emperature_ had increased from a stabilized value of about 190° F, to an unstable value
of over 3000° F. After almosi 30 minates of unstable operation at this load level
(shown in figure 81) the test was stopped because of this poor performance.

Feliowing the testing at 20, 000 rpm, a shori run was made under 50 pounds thru.st
at 8000 and 12,000 rpm as a comparison with perfo ~raance o“tained during tests
E-72 and E- 73 Ball bearing temperatures were about 15° F to 20° F higher than
during the earlier tests, dnd the bail bearing soundec noisy, so this test was stopped
and the engine was torn down. On disassembly, a shaft locking nut at the front bearing
assembly was found to be loose on the shaft, and it was felt that this looseness was
the probable cause of erratic bearing operation at the high thrus¢t load condition.

The ba:l bearing itself was found to be in good condition, with a good lubricant film
on ail surfaces and only some light retainer wear.

While erratic running corditions were encountered at high speed - high load op-
erations, a comgplete series of runs at varying speeds and loads had heen made wiith
ball bearing B-3a. The results cf this testing, plotied as temperature~-gpeed curves
with thrust load as parameter, are presented in figure 30.

For continued testing, the R -la rcller bearing was kept in the engine and a new
ball bearing. S/N B-5d was installad. This differed from previous B-5 series hearings
ir that no powder exhaust grocves were & in the retairer. (B-5 scries is the design
tentatively selected for use in the final engine design). Test E-76 was a checkout run
of the new bearing and was started with no thrust lcad, a ioad of 50 pounds being applied

ter 90 minutes, Terrperature stabilizztion was readily achkieved under botk loading
c.nditions, as shown in figure 82,

The next test run was stacted &t 12, 000 rpm but was shut down when excessive
vibration was found in the engire. Subsecuent testing and inspection revealed that this
vibration was caused by ar out of tulunce condition in the rotor shaft, and the shaft
wes rebalanced, then the engine vwas reessembisd with new bearings (B-4a and R-4).

Test E-77 wae performed with these now bearings as a check of the engine assem-
bly balance at 3000 rpm with 50 po ums thrust 'oad. Bearing stabilization was readily
achioved 38 shown in figure 83, indicating that «he shaft wag in balance. A previcus
test, E-53 with this bearizy; “lel in u similec rannet; the failure was in the re-
tainer design and not the Monel § mate:ial,

The nex: test was astarted & 12,009 rpm but was shut dovin when ball bearing tem-
perawure increased rapdily three r\h utes witer applving 54 pounds thruat load,
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ENGIFE BEARING MOUNTS REALIGNED
SPEED = 8000 RPM
POWDER FLOW = 0,013 GRAM/MIN EACH BEARING

THRUST LOAD = 0 INCREASED TO 50 LB AFTER 100 MINUTES

BALL RACE POSIT:iON 1-0
2 -p
ROLLER RACE POSITION 1 -¢
2 ~9
230 : : : —
. ROLLER INLET AIR |1
N
220 .
Ve
// BALL INLET AIR
210 /1/
200 - —
B 130 —
®
(€]
= o o
=
= 120 o o
= o ¢ °
= BALL RACE /6 T
o, 110 )
= $ o X
E [« I} 8 [ D
100 s
ROLLER RACE
90 ¢—— O~} I —
80 [ : '
70 e S ——
K )OM AMBIENT AND'I!‘HRUST AIR
8¢ — [ i | .
0 60 120 165

Figure 78. Engine Test E-72, Bearing Outer Race Temperature Versus Time
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SPEED = 12,000 RPM

POWDER FLOW = 0, 012 GRAM/MIN EACH BEARING
THRUST LCAID: 0 INCREASED TO 50 I.B AFTER 60 MINUTES

BALL RACE POSITION

RCLLER RACE POSITION

l-0
2 -0
1-9
2 -9

230 I v
RGLLER INLET AIR
. {
220 BALL INLET AR
210
200
150
’ T ] P T
BALIL RACE o _Jl. 9
U/‘—-’> N ¢ o{
140 o
130 1
120
o o a
110
Q o)
100 eROLLER RACE
NS °
% o o
30
#/.
80
THRUST AIR ~
/"4 T~
70 F—-a '
A E
8§40 o
0 50 120

TIME - MINUTES

Figure 79. Engine Test E-73 Bearing Outer Race Tumperature Versus Time
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SPEED = 16,000 RPM
POWDER FLOW = 0. 012 GRAM/MIN EACH BEARING
THRUST LOAD: 0 INCREASED TO 50 LB AFTER 60 MINUTES

BALL RACE PCSITION l-0
2-0
ROLLER RACE POSITION i-

2-0

250 [ ]
BALL INLET AIR
240
230 L.
220 7 *
ROLLER INLET AIR :
216 4 . 4 .
180
BALL RACE ofoO

(»] 3N
170 f
160 I
150
140

o3

130 ?

®
120 .

0 " 80 120
TIME - MINUTES

Figure 80, Engine Test E-T7{, Bearing Outer Race Temperature Versus Time
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SPEED = 20,000 RPM

POWDER FLOW = 0. 020 GRAM/MIN EACH BEARING

THRUST LOAD: 0 INCREASED TO 506 {.P AFTER 70 MINUTES
INCREASED T 100 LB AFTER 130 MINUTES

BALL RACE POSITION i -0
2 -Q q
ROLLER RACE POSITICN 1 -0 ;
2 -®
360
40 f\!f
320 BALL RACE |
i
300 % j_
280
9
260 T BALL INLET AIR-
»
240
~ ROLLER INLET AIR |
220 —
200 —3 5
.3 © 0
180
160
) o |
140 L ?:JLLER m.c‘z.
2K 'oi»""?
120 A &
100}
80 *
60 !

0

TIME - MINUTES

—
[ 3
<
TR BRIt o e

S i

Figure 81. Engine Test E-75, Rearing Quter Race Teinperaturs Versus Time
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SPEED = 8000 RPM

POWDER FLOW = 0. 015 GRAM/MIN EACH BEARING
THRUST LOAD: ¢ INCREASED TO 59 i.3 AFTER 10 MINUTES
BALL RACE PUSITION l-o0

2 -g
RO/.LER RACE POSITION 1 -0
2 -»
260 —
=" | ROLLER INLET AIR
> "

250 // I | —

240 =T BaLL INL]l'eIT AIR
!
lr

230 -

220

130 I l —T L
1 FRERN
120 — a4 . BALL RACE _L___ |
I ¢ © ¢ ° & o
110 r - }
. !
o
- ¢
200 |
~
&
"N\ ROLLER RACE
!
IR ==
SRR NGRS SIS U U SRS UMY SV,
i 1
! <
THRUST AR o
AMBIENT i
4] 50 1240 184
TIMe - MINUTES
‘Figure 82. Engine Test E-T78, Beariog tater Rave Tamperature Versus Tine
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SPEED = 8000 RPM
POWDER FLOW = 0.012 GRAM,/MIN EACH BEARING
THRUST LOAD = 50 LB
BALL RACE YCSITIOM 1-0
2 -p L :
ROILLLER RACE POSITION 1 -¢ i

260

BALL iNLET AIR

/ ROLLER INLET AIR

250 / ] |
240 |

230 : 1

140 T ] '
B o PALL RACE s 9 P
o o o 4 b $ t ‘
o
E 120 T
NEn |
E 110«5 | .
= ®

1ooq -

90 e i~

2y
i
30
: ROLLER RACE
19 N ?___:H_———# .
ROOM AMBIENT AND THRUBT AIR

0 €0 A 120
TIME - MINUTES

Figure 83, Fongine Test E-77, Bearing uter Race Temporature Versus Time
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Inspection revealed lack of powder lubricant fiiming on the Monel retainer to be the
cause of failure,

For test E-78, roller bearing R~4 was kept in the engine, and hall bearing B-5d
was refnstalled. This test was performed at 000 rpm a8 a check with test E-786.
Bearirg stakilization was achicved at approximately the same temperatures as the
previous test, as shown in figure 84.

Test E-~TJ was performed at 12, 000 rpm with 50 pounds thrust load, and while
bearing temperature stabilization was achieved as shown in figure 85, ti.c front bear-
ing sounded somewhat noisier tha1 usual. The next tert run was started at 16, 600
rpm with 50 pounds thrust load but war shut down after a few minutes because of high
torque and noise level ai the frout bearing. Disassembly showed the bearing to be in
good condition with a good lubricant {i‘» o balis and races, but an excessive amount
of retainer werr, The retainer was deburred and powder exhaust grooves were cut
in it prior to reaseembly of the bezaring in the enginc.

Test E-80 was a low sp.eed (2000 1pm) checkout run of the engine with k< now
modified B-5d ball bearizg. The bearings ran we!!, as shown in figure 86, and the
bal) bearing stabilized at a slightly lower temperature than during teat E-76,

Test £-81 was run at 16, 000 rpm\mth no thrust load, hut difficulties 'vith the
powder flow system during this cun invaldated the dafg obtained.

Test E-82 was performed at 12, 000 rpm with no thrust load hut with powder flow
varied by varving lubricator feedwhec! speed. There was seen to be a negligible
chiznge in temperature of both the ball and roller bearings as this feedwheel speed
was incregaeed from it cormal 2 rpin to & maximum of 10 rpm. Curves of race
temperature versus time are shown in figures 87 and 88, (this tex. was run in two

-

parts). X

Test E-"% was performed to determine the rfiect of changing wbricant flow with
2 bearing speed of 15,000 rpm. Unlike the results obtained at 12,000 rpn. there was
a drop in ball bearlng remperature of ahout 145" F when the lubricaior feedwheel speed
was increased from 2 to 4 rpm.  There was no significant change in ball bearing
temperature as {eedwheel gpeed was increased to 6 rpm, indicating that there is -
evideatly a ""critical threshold flow" at which point powder lubrication shows & marked
increase in offectiveness. This might be due to windage effects in the bearing, or -
possibly to the formation »f a mose thorough temporary powder coating on the beari~g
surfacee as powder flow in incrensed beyond tive requived riinimum level, It is
interesting to note that as lubricator speed was incressed irom 2 o 4 rpm, there was
& slight increase in roller beaning tenperature, in this case pasaibly caused by the
powd.. flow being sufficient to chuse a slight ameunt of clogging (caking) in the roller
bearing. Cu-vee f race temperature versus *me for run F 83, which was performed
in two parts, are shown in figuree 89 and 3G,

Tom ..;-84 was pe;irrmed at 20, 000 rpm with a thurst load of 50 pound: applied
after 112 minutes, This text was periormed with powder flow at th atgher jevel
shown to be desirable during the previsvy run (estimated st about >, 025 grams per

‘minute), There was a sharp {ncrease tn ball benring stabilization ‘emperature '
iabout 35" i) when the thrust 1had was applied, but after 30 minutes runnixg with toad,
bail bearing temperature dropped graduslly and restabilized at about 182° 7 as shown

- in tigure 91, The drop ir temperatire was probably caused by caked powcder siowiy

12%




TEMPERATURE ° F

Kigure 84,

SPEED
POWLER FLOW
THRUST LOAD 50 LB
BALL RACE POSITION

800¢C RPM

[

1 -0
2 -0
ROLLER RACE POSITION 1 -¢

0,012 GRAM/MIN EACH BEARING !

270 ’
BALL INLET AIR
2€0 -
v ROLLER WLET AIR
250 N —
i w[ Jr
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120
'
9e |
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ot --u} ;

:
f
J_

60 ROC a4 \MBD”@T &THRLSI‘ &bx

1 60

TIME - MINUTES
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Ingioe Test E-T8, Bearing Outer Race Temperature Verouw ‘s
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SPEED = 12,000 RPM
POWDER FLOW = 0,013 GRAM/MIN EACH BEARING
> THRUST LOAD = 50 LB
BALL RACE POSITION I-o
o ‘ 2 -ao
ROLLER RACE POSITION 1 -¢
o + 260 -
BALL INLET AIR
.
' 250 :
~ ROLLER INLET AIR
160 3 L — 9
1 - o ¢ ib {
a .
150 (o] BAL.\J RACE
R
2 130
&
-A l g 1
9]
=
100 l ]
| ROLLER ?ACE“
LI oy 4#
80
ROOM AMBIENT AND THRUST AIR
/
60 : —1 -
0 60 120
TIME - MINUTES

;F"igm'e 46, Engine Test F-79, Bearing Outer Race Temperature Versus Time
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E
SPEED = 8000 RPM | ?
POWDER FLOW = 0,015 GRAM/MIN EACH BEARING .
BALL RACE POSITION 1-0 !
3 -0
ROLLER RACE POSITION 1 -¢ :
230 e p——
BALLINLET AR _L~ |
- /;/ /W ’
1 ROLLER INLET AIR
210 i
——— 1
120 T
T -
° ! _ ~ I
K L — BALL RACE _ |
ﬁ ? a ’ i
3
296 | - ROLLER RACE ' : -
z
80
-
' AMBIENT
I
50 1

0 60 120 ‘(

TIME - MINUTES

F!gure 86. Englne Test E-80, Bearing Outer Race Teinpsrahire Versus Time
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TEMPERATURE ° F

_SPEED *= 12,000 RPM
POWDER FLOW - VARIED, LUBRICATOR FEEDWHEEL SPEED
AS INDICATED, RORMAL SPEED IS 2 RPM
BALL RACE POSITION 1-0
2-0
ROLLER RACE POSITION 1 -¢

. 2 N A S l¢ 5 | FEEDWHEEL
i (RPM)

140

130

110
9¢
f ) (NLET AR
i ! — """""
T9 b 1 i ] | 1
0 80 20 180
TIME - MRIUTEE
Figive 87, Ergine Test E-82, Bearing Oute Race Yempersature Vers s Time
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TEMPERATURE° F

-

D

SPEED = 12,000 RPM
POWDER FLOW VARIED, LUBRICATOR VEEDWHEEL £ YEED AS WDICATED,
NORMAL IS 2 RPM
BALL RACE POSITION 1-o0
2-n
ROLLER RACE POSITION 1 - ¢

FEEDWHEEL
RPM
< 2——->ﬁ-6+<-7-e44-8»--,-¢-"9 —un-10~a|¢—2—-|
130 5 o
~% o o ) ° o
/ BALL RACE -
/ S = )
110 /
| ‘K(EST) ' " ROLLER RACE
/ \
/
90 / /
Iy
[/ o
I/
|
i INLET AIR -
60 1 E— - e
0 60 120 150 240

TIME - MINUTES

Figure 88, Engine Test E-82 (Part I) th&r Rlcﬁ
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' S8PEED = 186,000 RPM

POWDER FLCW - VARIES, FEEDWHEEL SPEED AS ]NDICATED
NORMAL 18 2 RPM

RIS N T AP

BALL RACE POSITICN 1 -o
2 -0
ROLLER RACE POSITION 1 - ¢
| 1 | FEEDWHEEL o
- 2 T 4 *.  RPM S

300

' ﬁ ) o
: . 260 g o

220

180

. TEMPERATVURE °® F

140 .‘ ?L_#'mm_l

100

6o } H
6 20 40 60 80 100 120 140 160 180

| S g \1-.7 ’INI{ETIAJR

TIME - MINUTES

Figﬁre 89, Etzg!m.’rac‘t E-883, Bearinf Outer Race 'fempernture Versus Time /
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TEMPERATURE ° F

ROLLER RACE POSITION 1 -9

300 '
f ) ’ ' [o]
o O

. ‘ ‘ .
BALL RA(:E[I
24

SPEED = 1(,000 RPM
POWDER FLOW - VARIES; FEEDWHEEL SFEED AS INDICATED; NOFMAL IS 2 RPM -

BALL RACE POSITION -0
2 o

FEEDW@EEL RPM

18

120 ROLLER RACE
ViR (EST)
,A’ —t—
/ / Coa
Wi
_:=
3 INLET AIR
60
0 60 120 180 240

TIME - MINUTES

Figure 90, Engine Test E-83 (Part II), Beaving Outer Race
Tempara‘ure Versus Time , o o
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wearing out of the bearing subsequént to its being run with a luhrica‘sr feedwheel
speed of 6 rpm.

Test E-85 was performed with conditions similar to the prevaces rua, dut swith
lubricant carrier air heated to simuiate engine bleed air temperature. Ball bearing
temperature stabilized at 200° F, but after about 1-1/2 hours, the temperatur: began
to rise, until it reached approximate stabilization, fluctuating around 250° F, as
shown in figure 92, This slight fluctuation of plus or minus 5 F was nof cousidered
detrimental to bearing operation, and it is probable that incresse in operating tem-
perature after 1~1/2 hours was caused by slight flaking cf powder or silver burrs from
the reteiner, which nevertheless did not prevent the beuring from performing ad-
equately, This test marked the second ball bearing, and the second bearing desing,
which performed successfully at 20, 000 rpm under simulated engine thrust load con-
ditions, demonstrating the dogree of reliability which has been achieved with powder
lubrication at thie time. Curves showing speed versus stabilization temperature (with
thrust load as parameter) for the B-5 series Leacinga, including previous testing
with bearings B-5 and B--5¢, are shown in figure 31.

Test E-86 was performed successfully at 20, 000 rpm with a thrust load of 76
pounds on the bail bearing, With a lubricator feedwheel speed of 4 rpm (estimate powder
flow of 0. 025 grams per minute each bearing), ball bearing temperature stabilized at
300 F. When feedwheel speed was increased to 8 rpm, bearing femperature began
to drop slightly, showing indications of stabilizing at about 270" F, It was felt, how-
ever, that there was too much of a risk of powder caking in the bearing to warrant
continued testing at this high flow rate. Duyring this test toller bearing temperature
did not stabilize but fluctuated between 100° F and 130° F, possibly due to some
powder caking in the bearing, Curves of race temperature versus time are shown
in figure 23. ‘

Test E-87 was run at 20, 000 rpm with ahout 90 pounds thruat load or the ball
bearing with a powder flow of 0. 025 grams per minute eack bearipg (4 prm feadwheel
speed). The ball bearing showed a moderate degree of temperature atgbilization at
about 270° F, and the roller bearing stabilized at 90° F as shown in figure 04.

It should be noted that with the successful completion of test E-87, ball bearing

B-5d had accomplished about 35 hours of running, including over 8~1/2 hours at
- 20,000 rpm with 5C to 100 pounds thrust load.
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L
SPEED = 20,000 RPM
POWDER FLOW - VARIES, FEEDWHEEL SPEED AS INDICATED (NORMAL
2 RPM ‘
THRUST 1LCAD ~ 50 POUNDS APPLIED AT 20 MINUT ES
BALL RACE FOSITION 1 -0
2-~-0
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SPEED = 20,000 RPM
POWDER FLOW VARIED; FEEDWEEEL SFEED AS INDICATED; NORMAL
IS 2 RPM
TERUST J OAD: 75 LB APPLIED AFTER 15 MINUTES
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Figure 93, Engine Tcst E~86, Beacin: Outer Race Tempaorature Versus Tima
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SPEED = 20,000 RPM
POWDER FLOW = 0,025 GRAM/MIN EACH BEARING (FEEDWHEEL 4 RPM) -
THRUST LOAD: 10¢ LB APPLIED AFTET 15 MINUTES, REDUCED TO 88 LB

BY 70 MINUTES
BALL RACE POSITION 1-0
2-a
- ~ ROLLER RACE POSITION 1 -¢
300
. o BALL llACE L
280 ’ \7
260
o o
240 |
AIR
240 \
|
[ .
-
g 200 INLET AR
| T
s 180
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=t
140 }
120
100
80
80

- ~ TIME - MINUTES
Figure 4. Engine Test E-87, Bearing Outer Race Tomporature Versus Time
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